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This work is a genetic analysis of lamb mortality in two hill 
sheep flocks over the period 1952 to 1975. The flocks belonged to the 
Animal Breeding Research Organisation (A.B.R.O.). One was a flock of 
Scottish Blackface kept at Stanhope farm at the head of the river 
Tweed,the other was a Welsh Mountain flock kept at Rhydyglafes,ifl 
North Wales. 
The Scottish Blackface flock was closed from 1952 to 1974 with 5 
lines from 1956 onwards. There was selection for increased and 
decreased cannon bone length, increased and decreased meduilation 
length, and in addition a control line. Males were used for breeding 
for one year only, as ram lambs. Selection was within lines and 
within sire families, to minimize the rate of inbreeding. There was 
no significant correlated change in lamb mortality associated with 
selection for either trait. 
The Welsh Mountain flock was closed from 1953 to 1975 with 2 
selection lines, for increased and for decreased birthcoat type. 
Selection of replacement males was as in the Scottish Blackface flock. 
The selection resulted in a difference between the lines in the rate 
of lamb mortality, largely due to the change in birthcoat type. 
There were large effects of year of birth, age of dam, sex, 
litter size and birthweight on lamb mortality in both flocks. 
Birthcoat type, which was only recorded at Rhydyglafes, also had 
highly significant effects. Both intermediate birthweight and 
intermediate birthcoat type resulted in the minimum rate of lamb 
mortality. For both flocks, analyses of sire effects using analysis 
of variance and maximum likelihood techniques indicated that there 
were small but significant sire differences in mortality of their 
offspring. There was some evidence that the heritability of lamb 
mortality was greater in twins than in singles. However, the 
statistical methods available for the analysis of such binary data 
require further investigation before one can conclude that there 
definitely are differences between single- and twin-born lambs in 
their genetic variation for liability to death. 
These results are consistent with those of other studies which 
have shown that selection for production traits such as weaning weight 
and alterations to body shape (such as the cannon bone selection) has 
not resulted in changes in lamb mortality rates whereas selection for 
traits directly associated with survival and viability, such as 
birthcoat type, has caused the rate of lamb mortality to be altered. 
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Chapter 1 Introduction and literature review. 
Lamb production represents a large proportion of agricultural 
output from hill farms in the U.K. Approximately 60% of the income 
from sheep in hill areas is from sales of lambs and about 50% of hill 
farm income is directly attributable to lamb sales, the largest single 
factor. Thus the fertility of the ewe, the number of lambs born, and 
the survival of the lambs are of major importance in determining 
output and profitability. With continuing pressures and efforts to 
increase production, hill farmers need sheep with greater overall 
output. Selection objectives will vary, but due to the relatively low 
reproductive rate of hill sheep (at least in their native areas) the 
rate of lamb losses needs to be minimized. A M.L.C. Scientific Study 
Group (1972) noted that purebred hill ewes only rear about 75 lambs 
per 100 ewes. Thus the majority of female lambs are required as flock 
replacements. If lamb losses could be reduced this would increase the 
number of female replacements to choose from, and c9increase the 
overall output from a given number of ewes. 
Age of dam, sex, litter size, birthweight and management, as well 
as the major effects of climate, environment and disease, all affect 
lamb mortality rates. Different breeds of sheep may differ in their 
rates of lamb loss, and there may be differences within breeds as well 
as between breeds. Thus if breeders in hill farms are to select for 
improved types, by selection within or between breeds, then it is 
important to know if this will alter lamb mortality. 
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1.1 Rates of lamb loss. 
Rates of lamb loss will vary considerably, depending 	upon 
environment and management, but most reports of studies of hill flocks 
have shown losses of about 20%. M.L.C. (1978) report that extensive 
upland flocks (which are not the same as hill flocks, at least in 
M.L.C. terminology) lose approximately 6% of lambs at birth and a 
further 4.5% after birth. Whilst they do not report similar figures 
for hill flocks, probably due to the difficulty of obtaining reliable 
estimates, the rates of loss in hill flocks will presumably be at 
least as great. Bannatyne (1975), on the basis of a survey in the 
early 1950Th, considered that perinatal lamb losses in traditional 
hill sheep were approximately 21%. Various scientific studies on hill 
sheep have been published, but the extra management associated with 
recording may have reduced levels of lamb mortality. Levels of up to 
40% are quoted, but Purser and Young (1959), looking at Scottish 
Blackface and Welsh Mountain ewes found losses to weaning to be 19% 
and 12% respectively. Similarly Gunn and Robinson (1963) reported 
lamb mortality rates of 9 to 17% for Scottish Blackface and Cheviots. 
Speedy et al. (1975) reported losses of about 5% in upland 
flocks. Johnston (1975) found that overall lamb losses in a survey in 
Caithness in 1974 were approximately 13%. Table 1.1.,1 shows rates of 
lamb mortality for various breeds and environments and indicates that 
lamb mortality rates may vary considerably, but that even in upland 
and lowland areas rates of loss are about 10 to 20%. Conditions 
abroad will obviously be very different from the U.K., but reports of 
lamb losses in New Zealand and the U.S.A. suggest that lamb losses 
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Table 1.1.1 
Summary of average rates of lamb mortality 
for various breeds and locations. 
Author %lamb losses Breeds 
A.D.A.S. 	(1977) 1.5 - 15.5 - 
Bichard & Cooper (1966) 15.1 Clun Forests 
Cedillo et al. (1977) 11 - 48 Various crosses 
Dalton et al. (1980) 13.1 	--39.6 Various crosses 
Dickerson et al. 	(1975) 27.0 Various crosses 
Donald (1958) 10.0 
Scottish Blackface 
Gunn & Robinson (1963) 16 North Country Cheviot 
Hight & Jury (1970) 17.8 Romney, Border Leicester 
Houston & Maddox(1974) 15 - 20 - 
Johnston (1975) 13.2 North Country Cheviot 
Meyer & Clarke (1978) 10.9 - 21.6 Various crosses 
OFerrall (1976) 30.0 Galway 
Purser & Young (1959) 19.1 Scottish Blackface 
Purser & Karam (1967) 9.0 Welsh Mountain 
Saunders (1975) 13.3 - 
Shelton & Menzies (1270) 10.3 - 38.9 Rambouillet 
Sidwell & Miller (1971) 13.6 Targhee, Columbia 
Speedy et al. (1975) 4.5 Creyface 
Wiener (1975) 9 - 45 
Blackface, Cheviot, Welsh 
Wiener et al. 	(1973) 1 - 21 Various crosses 
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are of the same magnitude; 10 to 20 percent. 
1.2 Causes and times of losses. 
Most surveys of lamb losses have reported causes of death as well 
as rates of lamb loss, and have concluded that dystocia and starvation 
are the major causes of lamb mortality. Speedy et al. (1975) and 
Johnston (1975), in surveys of upland flocks, both found that 
starvation with chilling was the most important cause of death, 
accounting for approximately 36% of all lamb deaths, followed by 
stillbirths and deaths at birth, at about 31%. Saunders (1975) 
reported that of 11% of lambs which were born alive, but which died by 
30 days, 57% had no milk in their stomachs, indicating a lack of 
0 
suckling. Arnold et al. (1975) concluded that poor maternal 
behaviour caused 16% of lamb deaths and that the failure of lambs to 
suckle and drink after standing accounted for 23% of deaths. In a 
survey in Argyll, Houston and Maddox (1974) found that 46% of deaths 
were due to reduced fat deposits, and therefore to presumed 
starvation. However, this description of starvation, due to lack of 
fat deposits, may only be a symptom and not a cause. It may be that a 
deserted lamb will die of starvation after exhausting its energy 
reserves. Similarly a lamb with a disease might burn up its fat 
reserves. Thus an observer interested in starvation might see a 
lamb dead from starvation, whereas a pathologist looking at diseases 
would find a disease present and pehaps conclude that this was the 
cause of death. In support of this doubt about the accuracy of such 
assessments is the note by Johnston (1975) that the biggest single 
cause of loss was the starvation and exposure group. However, he then 
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notes that during the year considered, 1974, the weather was dry, 
sunny and mild and that perhaps starvation or chilling was too facile 
a diagnosis. Purser and Young (1959) divided early losses into 3 
groups; stillbirths (no signs of life), difficult births (at 
parturition or inferred because of birth injuries), deaths after birth 
and up to 14 days. Deaths in the period 0 to 14 days had a cause of 
death given (such as exposure, weak lamb), but they considered that 
the assessment of cause was likely to be infuenced by the lambs 
birthweight. 
The majority of lamb deaths occur during the first few days of 
life; in the study by Purser and Young (1959) of lamb losses up to 
weaning about 2/3 occurred by 14 days. Claro (1978) reported that 
70% of deaths occurred within 3 days of birth and Ricordeau et al. 
(1977), studying French breeds found that 42% of lamb mortality 
occurred at birth and another 35% by 7 days. 
1.3 Factors affecting lamb losses. 
1.3.1 Age of dam and parity. 
Many workers have shown that lamb mortality is dependent upon the 
age of the dam, being highest for young females and declining with 
age, but rising again as the dam grows old. This curvilinear effect 
is also found in humans (Karn and Penrose (1951)). Purser and Young 
(1959, 1964), looking at hill flocks, showed that mortality of lambs 
varied with the age of the dam, being highest in 2 year old ewes and 
lowest for 4 to 6 year old ewes (Table 1.3.1). Similar reports by 
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Table 1.3.1 
Percent mortality rate of single - born Blackface lambs 
by dam age and birthweight. 
Birthweight 	 Dam age 
lbs. 2 yrs 3 yrs 4 - 6 yrs 
10.0 - 14.9 23.1 30.4 15.8 
9.0 - 9.9 22.5 11.2 7.4 
8.0 - 8.9 20.5 10.6 9.7 
7.0 - 7.9 18.5 13.5 10.3 
6.0 - 6.9 21.8 17.4 16.7 
5.0 - 5.9 38.2 33.5 27.6 
4.0 - 4.9 54.0 57.4 50.0 
1.0 - 3.9 	83.3 	75.0 	75.0 
Source : Purser & Young (1959) 
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many workers (Piper et al. 	(1977), Claro (1978), Smith (1977), 
Bichard and Cooper (1966)) in widely differing environments have shown 
that lamb mortality is lowest at intermediate ewe ages. 
Harker (1975) reported that the dams age only had an effect on 
lamb mortality in the neonatal period (0 to 6 weeks), with no effect 
thereafter. However, this was not under hill conditions, but rather 
in ewes housed for part of the year; relatively intense production 
where lambs older than a month to 6 weeks would be expected to be 
largely independent of their dams. For lambs reared on their dams in 
hill conditions where the dam is an important source of food for the 
lamb for much longer there may be age of dam effects on lamb mortality 
for considerably longer than for intensive production systems. 
Sidwell and Miller (1971) found small non-significant effects of 
dam age on stillbirths and mortality up to weaning, approximately 9% 
stillbirths and 13% of lambs born alive dying by weaning. However, 
with only between 200 and 400 ewes in most of the dam age classes over 
all the years, breeds and crosses it is perhaps not surprising that 
significantdiffereflces were not detected. 
Gjerde (1980), in an analysis of various sheep breeds in Norway, 
found that the incidence of dystocia was little affected by dam age. 
However, Saunders (1975) reported that ewe lambs lost 11% of their 
lambs by birth compared with only 4% losses by older ewes. Purser and 
Young (1964) found results similar to those of Saunders (1975). When 
examined at equal birthweightS these differences disappeared. 	Dalton 
et al. 	(1980), whilst not separating lamb deaths due to dystocia and 
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stillbirths from later deaths, reported that, ignoring birthweight, 
there were highly significant effects of dam age on overall lamb 
losses. These differences disappeared after adjustment for 
birthweight. Purser and Young (1959) examined overall lamb mortality 
rates for various birthweights and dam ages, but considered that the 
variation in birthweights only accounted for about 15% of the losses, 
whereas the age structure of the flocks explained about 20% of the 
incidence. 
Various workers have also examined the effects of parity and have 
reported a curvilinear effect, similar to that of dam age. 	However, 
parity and 	age 	of 	dam 	are 	usually 	highly 	confounded 	and 	it is 
therefore difficult to separate these two effects. 	Purser 	and 	Young 
(1959) reported 	that 	parity 	had 	a 	much 	greater 	effect upon lamb 
survival than did the age of the dam. 	Lambs from 	first 	parity 	dams 
had similar 	survival 	rates whether born to 2 year old ewes or 3 year 
old ewes. 	Similarly Dalton et al. 	(1980) found 	that 	the 	mortality 
rate of 	lambs 	between 	birth 	and weaning for 2 year old dams (first 
parity) was 27%. 	The 	mortality 	rate 	of 	lambs 	between 	birth 	and 
weaning from 3 year old ewes which were barren as 2 year olds was 27%, 
and the 	mortality rate for lambs from 3 year old ewes which lambed as 
2 year olds, but which lost their lamb, was 21%. 	- 3 	year 	old 	ewes, 
which lambed at 2 years and successfully reared their lambs, only lost 
16%, thus 	implying that there is a maternal component of 	experience 
or environmental effect due to parity and 	successful 	rearing. 	Owen 
(1974) concluded 	that the mortality in the first parity is higher due 
largely to the lack of mothering experience in the ewe. 	Normally 	in f- 
L 
hill conditions, 	where 	age 	of 	dam and parity are confounded, there 
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will be two effects which are difficult to separate. 
1.3.2 Lamb birthweight. 
Just as there is an intermediate optimum age of dam for lamb 
survival so is there a curvilinear relationship between the lambs 
birthweight and survival. Purser and Young (1959) and Dalton et al. 
(1980) both reported that the birthweight which gave the greatest 
probability of lamb survival was intermediate rather than the highest. 
The plot of survival against birthweight is curvilinear with a maximum 
value close to, but slightly above, the mean birthweight (Table 
1.3.1). This is very similar to the situation in humans (Karn and 
Penrose (1951)) where the optimum birthweight (in terms of survival) 
is slightly greater than the mean birthweight. Terrenato et al. 
(1980) reported similar results and noted that high birthweight 
produced more disadvantageous effects during intra-uterine life and at 
birth than after birth. 
Meyer and Clarke (1978), with several sire breeds and crosses 
from Romney ewes, reported that the mean birthweight of surviving 
singles was not statistically significantly different from the mean 
birthweight of dead singles. This is in contrast to Purser and Young 
(1959) and Saunders (1975) who found that the birthweight of surviving 
lambs was greater than that of nonsurviving lambs. However, it is 
unclear from the paper of Meyer and Clarke (1978) whether they 
adjusted for breed of sire when considering survival and birthweight. 
The figures given show that single-born surviving lambs had a mean 
birthweight of 4.9kg., the same as for non-surviving lambs. If the 
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distribution 	of rates of death, with respect to dystocia and 
starvation and chilling, varies between breeds then it is quite 
possible that the weights of surviving and non-surviving lambs are not 
different if breed is ignored. This would imply interactions between 
breeds and distributions of deaths. Meyer and Clarke (1978) also 
fitted regressions of mean survival on mean birthweight over breeds 
and found a small non-significant effect. However, there is no reason 
why such an association should hold across breeds; Finnish Landrace 
(which were used in the study) tend to have high survival rates for 
given birthweights, relative to other breeds of smaller litter size. 
There is also no assessment of whether there was a curvilinear effect 
of birthweight (within breeds) on lamb survival, as has been noted in 
other papers, as outlined above. 
Harker (1975) reported a curvilinear effect of birthweight on 
mortality up to 6 weeks, with a minimum at about 3.8kg. However, for 
deaths from 6 weeks to 12 weeks the trend was in the opposite 
direction; mortality being low for lambs with light birthweights, 
rising to a maximum of about 15% for birthweights of 3 kg. 	and then 
declining again. 	This is in contrast to Purser and Young (1964) who 
reported that mortality in lambs after 14 	days 	decreased 	as 
birthweight increased. Harker's (1975) lambs were intensively reared 
and the artificially reared lambs had high rates of loss in the period 
6 to 12 weeks, relative to naturally reared lambs. Thus part of the 
difference between the two reports may be that some of the intensively 
reared lambs would not have survived to 6 weeks if born under hill 
conditions. 
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Whilst reporting a curvilinear effect of birthweight on lamb 
survival Dalton et al. 	(1980) also reported a negative association 
between deaths due to starvation and exposure with birthweight. 	This 
implies that having been born alive it is better for a lamb to be 
heavier than average. They also found a curvilinear effect of 
birthweight on dystocia, as did Smith (1977). This may be caused by 
weak uterine contractions at low birthweights. If the low birthweight 
of the lamb was due to the poor condition of the ewe then this might 
explain the above findings. Reports which have detailed birthweight 
effects have not reported the ewe's condition, fatness or condition 
score, at lambing so it is not possible to examine birthweight effects 
on lamb mortality independently of ewe condition. 
Almost all reports which have examined the effects of birthweight 
have found curvilinear effects on lamb survival. Some of the reports 
have related birthweight effects to other factors, Dalton et al. 
(1980) found that, after fitting linear and quadratic regressions on 
birthweight, there was no effect of dam age or birth rank, implying 
that these factors had their effects through birthweight. Whilst not 
fitting such regreesions, Purser and Young (1964) noted that for equal 
birthweights singles and twins had similar rates of loss. However, as 
noted above, they did not find that the effect of dam age was entirely 
due to birthweight effects. In an earlier paper, Purser and Young 
(1959), they found that about 21% of the incidence of loss in the 
Scottish Blackface was due to the mean birthweight not being equal to 
the optimum. Thus whilst variation in hirthweights will be 
unavoidable it may be possible to reduce lamb losses in a flock by 
attempting to bring the mean birthweight close to the optimum. 
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This difference between the mean birthweight and the optimum, for 
both humans and sheep, raises the problem of why natural selection has 
not caused the two to be equivalent. This question will be considered 
later. 
1.3.3 Litter size. 
tIost workers have found that twin-born lambs have 	greater 
mortality rates than do single-born lambs (eg. Sidwell and Miller 
(1971), Bradford et al. (1974), Harker (1975)). However, twins have 
lower birthweights than singles. Purser and Young (1964) and Dalton 
et al. (1980) noted the effects of litter size, but found that, after 
adjustment for birthweight, there was no difference in mortality 
between singles and twins. Whilst not invalidating the results of 
Purser and Young (1964) it should be noted that Purser and Young 
(1964) did not simultaneously take account of the effects of years and 
sex, as did Dalton et al. (1980). 
Uniformity of litter size may also be important in determining 
levels of mortality. Bradford et al. (1974), examining various 
breeds, noted that Finnish Landrace ewes produced more uniform litter 
size than other breeds. The Finnish Landrace lambs also had higher 
viability than other breeds, possibly because of the more uniform 
litter size. Because the purpose of the experiment was not to examine 
this, but rather to measure egg transfer effects, the numbers of lambs 
available were not sufficient to satisfactorily answer this point. 
However, Bradford et al. (1974) did note that mortality increased 
with litter size and the variation in litter size will increase with 
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increases in litter size. 
1.3.4 Sex. 
The effect of lamb sex on mortality is less well established, 
some reports indicating that females have greater losses than males, 
but most reports show the opposite. Malik (1972), looking at Indian 
sheep breeds, reported that sex of the lamb had no effect on 
mortality, and Box et al. (1976) stated that mortality was greater 
for female lambs than for male lambs. However, most workers have 
found that female lambs have lower losses than male lambs, similar to 
the pattern in humans (Terrenato et al. (1980)). Hight and Jury 
(1970) and Dalton et al. (1980), both in New Zealand, found that the 
survival rate of females was significantly higher than that of males. 
Smith (1977) reported that purebred males had significantly 
higher dystocia and overall mortality than females, and that crossbred 
males had significantly greater mortality than crossbred females. 
Purebred male mortality was 40.3% ± 1.9 and purebred female mortality 
was 36.0% ± 1.8. The difference is 4.3% ± 2.6, which is less than 
twice the standard error, and does not appear to be significant. 
Mullaney (1969) reported that females had better survival rates 
than males and concluded, together with Alexander et al. (1955) and 
Gunn and Robinson (1963), that this was due to the greater incidence 
of stillbirths in male lambs. However, most workers have noted the 
greater losses of males without either attempting or perhaps being 
able to explain this difference. 
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Bradford et al. 	(1974) considered that females lambs have 
greater viability for a given reduction in birthweight than do male 
lambs. This implies an interaction between sex and the regressions on 
birthweight. The papers by Smith (1977) and Dalton et al. (1980), 
which considered both sex and birthweight, did not report any such 
interactions. However, there is evidence in the paper of Dalton et 
al. (1980) that suggests cIof nli%?1 between sex and the 
regression on birthweight. When Dalton et al. (1980) fitted for sex, 
ignoring birthweight, the reduction in deviance (chi-squared 
statistic) was 16 for 1 degree of freedom. When birthweight (fitted 
as linear and quadratic regressions) was fitted before sex, then the 
reduction in deviance due to sex was.29, with 1 degree of freedom. 
• 	
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1.3.5 Birthcoat type. 
The lamb's blrthcoat type and resistance to cold stress have also 
been implicated as factors which may also affect lamb survival. 
However, there are few reports of the effects of hirthcoat differences 
within breed and location on lamb mortality. Purser and Karam (1967) 
- examined the effect of hairy and fine birthcoat types in Welsh 
Mountain lambs on their survival rates. They reported statistically 
significant effects of birthcoat type and environmental effects on 
mortality to 14 days. Lambs with intermediate birthcoat types had the 
lowest mortality rates. In cold wet days (with snow) the mortality of 
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the different birthcoat types differed significantly. Lambs with fine 
birthcoats had, on average, mortalities of 27%, lambs with hairy 
birthcoats averaged 9% and intermediate types averaged 6%. In normal 
conditions, however, there was no statistically significant difference 
between birthcoat types in mortality rates. 	Semmens (1971) in 
Tasmania has also looked at the effect of birthcoat type in lambs; 
classifying coats from 1 to 4, fine to very hairy respectively. For 
approximately 4000 lambs he found mortality for types 1, 2, 3, 4 to be 
20 %, 10 %, 7 %, 7 % respectively. Sykes, Griffiths, and Slee (1976) 
and Slee (1978) have examined the effects of cold stress on body 
cooling in various breeds of sheep. They reported differences between 
the breeds in the rate at which lambs attain homeothermy after birth, 
but the reasons for the differences are difficult to determine, and 
the relationship .between this measure of cold resistance and lamb 
mortality in the field is unclear. 
1.3.6 Nutrition and management. 
The pre-lambing nutrition of the ewe and management affect the 
incidence of lamb losses. Whitelaw (1975) considered that nutrition 
in the later half of pregnancy was very important in affecting 
neo-natal lamb mortality. Thompson and Thompson (1949) and McClelland 
et al. (1973) showed that the reduction of the level of nutrition in 
the later part of gestation reduced the birthweight of the lambs and 
caused increased pregnancy toxaemia. Whilst no mortality figures are 
given the reduced birthweight of the lambs could be expected to give 
an increased mortality rate. 	Producing the same result (greater 
losses) by the opposite treatment Papadopoulos and Robinson (1957) 
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studied Merino crosses in Victoria (Australia) and found that if over 
fed during pregnancy so that the ewes were very fat, then the 
incidence of difficult lambings increased. Meaker (1978) in South 
Africa examined pen-natal mortality of Merino lambs where the ewes 
had been fed two different planes of nutrition and reported that ewes 
on the high level of feeding suffered less than half the rates of lamb 
loss of the low plane ewes. Thus both over-feeding and under-feeding 
of ewes can be expected to lead to increases in losses. 
Although difficult to quantify almost all the reports in the 
literature highlight the importance of the environment at lambing time 
on lamb mortality, as would be expected. Ducker (1975), Egan et al. 
(1972) and Ducker et al. (1973) all reported on the effects of 
management, level of husbandry and environment on lamb mortality. 
Other workers, Piper et al. (1977), Speedy (1975) and Mullaney 
(1969), looking at other factors apart from environment, have reported 
statistically significant effects of year of birth on mortality. 
1.4 Genetic factors. 
1.4.1 Breed differences. 
Many workers have reported differences in lamb mortality rates 
between breeds, and summaries are given in Tables 1.1.1 and 1.4.1. 
Thus, since at least some of the differences between breeds are 
genetic, this is prima fade evidence for genetic variation in lamb 
mortality. However, the majority of reports have studied only one 
breed at a time. This means that differences between reports may be 
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Mean 	 19.5 	15.8 	17.7 	19.4 	32.1 
	
11.0 
Variance 	 60.2 	12.4 	38.7 	8.1 	13.6 
	
17.5 
1 = Dalton et al. (1980) 
2 = Meyer and Clarke (1978) 
3 = Sidwell et al. (1962) 
4 = Sidwell and Miller (1971) 
5 = Dickerson and Glimp (1975) 
6 = Shelton (1964) 
7 = Wiener et al. (1973) 
little way of determining the importance to be attached to each 
factor; there are few reports of direct contemporary comparisons 
involving more than two or three breeds or crosses. 
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Table 1.4.1 shows some breed comparisons of lamb mortality rates. 
Wiener et al. (1973) reported the results of a survey of various 
breeds and crosses, however, whilst giving the unadjusted incidences 
of mortality, they did not report differences adjusted for differences 
between flocks. They found no significant effects of breeding system, 
breed of sire, or breed of dam on the number of lambs dying up to 
weaning, but that differences due to breed of lamb had only a 5% 
probability of being due to chance alone. The experiments reported in 
Table 1.4.1 were all made at different times in widely differing 
environments with various breeds. Thus, whilst comparisons may be 
made within studies, comparisons between studies are less reliable. 
Even where the studies have breeds in common, they may well differ; 
the Dorset breed, reported by Dalton et al. (1980) and Sidwell et 
al. (1962) and Sidwell and Miller (1971), will have been separated 
between New Zealand and North America for a considerable period and 
may well he genetically dissimilar. 
Dalton and Ball (1976) and Arnold et al. 	(1975) reported that 
they found no statistically significant differences between breeds in 
the lamb mortality rates up to weaning. However, Dalton et al. 
(1980) found highly significant differences between breeds in rate of 
lamb loss. The study by Dalton et al. (1980) involved more breeds 
over a longer period and used a more powerful method of statistical 
analysis than that of Dalton and Ball (1976). Both studies had 
mortality rates ranging from 10 to 40%. Meyer et al. (1977) in New 
Zealand, comparing various breeds, reported that there was little 
relationship between birthweight and mortality across breeds. This is 
not surprising, since there is no reason why mortality should be 
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greater in small breeds with smaller birth weights. 
At the foot of Table 1.4.1 the average mortality for each of the 
surveys is given, and the variance between the breed means within each 
experiment. These indicate considerable variation, of the same order 
of magnitude as the mean incidence. The two reports with the largest 
variances, those of Dalton et al. (1980) and Sidwell et al. (1962), 
were also the longest experiments, data being reported over 8 and 5 
years respectively. Thus there appear to be considerable differences 
between breeds. However, these differences are usually less than the 
differences of various reports of non-contemporaneous breeds, or when 
comparing one breed in one report with a different breed in a 
subsequent report. 
Unfortunately most reports of breed differences have not detailed 
the breeding structure used and the numbers of sires involved. Often 
the breeding structure has been ignored when testing for breed 
differences. Dalton et al. (1980) reported that their aim was to use 
6 new rams each year for each breed. However, they group mated rams 
and ewes, thus it is unclear how pedigrees were obtained (if at all). 
Dalton et al. (1980) reported significant differences between breeds. 
However, their test of breed effect was not against the sire effect, 
the significance of breeds if tested against sires is thus unknown. 
Thus if lambs within breeds are related, due to common sires, then the 
probabilities of death are not independent for each lamb. For related 
progeny groups then the appropriate test of the breed effect is 
against the sire effect, not the error effect. Sidwell et al. 
(1962), Dickerson & Glimp (1975), and Meyer & Clarke (1978) all 
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reported differences between breeds, but failed to indicate how many 
sires were used for each breed. Their analyses did not include sire 
within breed, but rather only the residual as the test of breed 
differences. Thus these reports will tend to over estimate the 
significance of breed differences. - 
1.4.2 Genetic differences within breeds. 
While many reports have listed differences between breeds, in 
lamb mortality, few workers have reported whether there are 
differences between sires within breeds. As has been shown above, the 
probability of any particular lamb dying is conditional upon its 
history namely, the conditions at birth, its dams age, birthweight, 
sex, litter size. However, it is also important to know whether there 
is a component of genetic variation for lamb mortality, apart from any 
direct action through factors such as birthweight. 
There are only a few reports of genetic analyses of lamb 
survival, mainly in conjunction with ewe reproductive performance. In 
Table 1.4.2 some heritability estimates for lamb characteristics are 
given. The values are all quite low, though some are statistically 
significant. Most of the reports on reproductive traits (litter size, 
lamb mortality) quote heritabilities which are low and close to zero, 
smaller than the estimates of heritability of birthweight. The 
reproductive traits tend to be classified as all-or-none traits, which 
means that the usual analysis of variance methods are theoretically 
inappropriate. This makes the interpretation of results and 














Bi r t hwe igh t 
Birthweight 
0.02 ± 0.02 
0.06 ± 0.03 
0.02 - 0.06 
0.01 - 0.15 
-0.05 to 0.16 
0.0 - 0.26 
0.08± 0.01 
0.14 ± 0.03 
-0.03 ± 0.02 
0.27 ± 0.05 
0.34 ± 0.11 
0.21 ± 0.04 
0.32 ± 0.05 
0.21 ± 0.07 
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Estimates of heritabilities of lamb characteristics 
associated with lamb mortality. 
Trait 	 Heritability 
Livability 	0.13 ± 0.05 
Authors 
Shelton & Menzies (1970) 










Shelton & Menzies (1970) 
Blackwell & Henderson (1955) 
Piper et al. (1977) 
Smith (1977) 
Dalton (1962) 
to the inappropriate statistical model used. 	However, 	natural 
selection would be expected to reduce genetic variation, thus giving 
low estimates of heritability. 
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Shelton and Menzies (1970) examined reproductive efficiency in 
two locations and reported separate results for each. They found that 
their estimates of heritability (13 & 19%) tended to exceed the 
estimates of repeatability (6 & 10% respectively) and considered that 
this could be due to a negative correlation between performance in 
adjoining years. 
0
Usually the repeatability is considered to be the 
upper limit of heritability. However, if there is a large 
environmental effect, due to suboptimal nutritional level, then ewes 
will tend to lamb in alternate years, thus giving low values for 
repeatability. However, heritability, calculated by the paternal 
half-sib method on a within year basis, will avoid these negative 
associations and will thus give heritability estimates which are lower 
than the repeatabilities. This may be a problem with a low 
nutritional level where the stress of a reproductive cycle carries 
over to affect reproduction in the subsequent breeding season. 
Traits, such as survival and barrenness, which have two states, 
response or -no response (all-or-none, alive or dead, fertile or 
barren), have often been analysed using analysis of variance methods 
and then the estimates of heritability adjusted, as suggested by 
Robertson and Lerner (1949). Most of these adjusted estimates are 
low, indicating that selection for such traits wculd be likely to give 
low rates of response. 
There is a considerable volume of work on the analysis of such 
all-or-none traits in cattle, similar to that in sheep. Most of such 
heritability estimates of mortality also are low, close to zero or 
non-significant. However, some reports have found estimates 
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considerably higher 	(significant 	and 	of 	moderate 	to 	high 
heritability). 	Milagres et al. 	(1980) found 	such 	results, 
heritability of perinatal calf mortality was 0.64 ± 0.21. They 
considered that these estimates were at variance with most other 
published results. However, as they noted, the incidence of the 
perinatal calf mortality was greater than 20%. Thus this gives a 
.greater variance than if the incidence had only been 5 to 10%, and 
therefore may allow genetic differences to be detected more easily. 
In addition to the high incidence the stratification of the data was 
also considered to have given higher estimates. Milagres et al. 
(1979) also tested whether there were differences between sires (from 
a  Xa 	
a 
test) and reported that the value of the % was significantly 
greater than its expectation from the degrees of freedom. 	This 
indicates heterogeneity between sires, but not necessarily additive 
genetic variation. Similarly Van der Hey et al. (1978) found highly 
significant differences between sires in the incidence of calving 
difficulty, both as sire of calf and as sire of dam. 
Thus evidence from both sheep and cattle experiments indicates 
that there are differences between sires in the incidence of lambing 
(or calving) difficulty. However, the majority of such reports have 
found low estimates of heritability. This may be due, in part, to the 
inappropriate statistical models and methods of analysis; or because 
of low incidence of the trait (lambing difficulty, calving difficulty, 
barrenness, fertility and other all-or-none fitness related traits). 
Correlated responses are also important. 	If breeders wish to 
improve or alter their breeds of sheep, by altering particular 
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traits, then it is important to know if the change will result in 
changes in other traits. As has been noted above, the relatively low 
reproductive rate of hill sheep, in their own environment, means that 
rates of lamb loss need to be minimized. Thus if breeders are 
selecting to alter their breeds then the changes in lamb mortality 
that might occur are important. It is therefore necessary to see 
whether selection for traits has caused changes in rates of lamb loss. 
	
Most selection experiments have been based 	on 	traits 	of 
commercial interest, such as wool weight, lamb growth and ewe 
prolificacy. Turner (1977) reviewed Australian sheep breeding 
research and noted that with more than three quarters of the sheep 
being Merinos the main emphasis has been on wool weights and quality. 
Correlated responses have been reported, with genetic correlations 
between wool traits and various components of body size. However, 
there have been few reports of the effects upon lamb mortality from 
such selection experiments. 
Pattie (1965) examined the effects of selection for weaning 
weight, in Merinos, and found no correlated response in reproductive 
performance. There were no differences between the lines in the 
numbers of multiple births, lambs dying (up to weaning), or lambs 
weaned. Dun (1964) and Dun and Hamilton (1965) found highly 
statistically significant differences in lamb mortality between lines 
of Merinos selected for high and low folds score. However, Dun (1964) 
when looking for line effects appears to have ignored the effects of 
sires in his analysis of variance. Thus if there are sire effects 
then this will overestimate the significance of the line differences. 
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With the small numbers of sires used each year the importance of the 
differences between the lines may be much lower. Whilst the lines 
appear to differ in the number of lambs dying before weaning the 
difference did not increase with the selection, but rather it appears 
to have been present at the initial separation of the lines. 
1.5 Conclusions. 
From the literature it can be seen that dam age, litter size and 
parity have large effects upon lamb mortality rates. However, their 
importance is reduced if the differences due to birthweight are 
removed. Birthweight has a large effect upon rate of loss, with a 
curvilinear relationship between weight and the rate of lamb 
mortality. 
Whilst there are differences between breeds in their rates of 
lamb mortality there have been relatively few satisfactory reports of 
breed comparisons. Most workers have ignored the breeding structure 
in testing the significance of the breed differences, thereby 
over-estimating the importance of the differences. In addition 
inappropriate statistical models have usually been used. Few reports 
have detailed the correlated responses in lamb mortality rates due to 
selection for production traits. Most of the reports of correlated 
responses have been from Australia in Merino sheep. 
There is therefore little evidence to show whether there are 
correlated responses in lamb mortality, particularly in U.K. sheep 
populations. Thus the long term selection experiments carried out by 
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A.B.R.O. provide an opportunity to examine changes in lamb mortality 
and to see if these are correlated with the selection. This genetic 
study has thus been carried out to look at these changes in two of 
A.B.R.O.s hill sheep flocks and to see if the results and 
interpretations are altered by the method of statistical analysis 
used. 
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Chapter 2 Preliminary study of lamb mortality. 
A comparison of field records and post-mortem data 
on lamb deaths at Stanhope in 1964. 
2.1 Introduction. 
The main study is an examination of lamb mortality at Stanhope 
and at Rhydyglafes in different selection lines from 1952 to 1975. 
This study is an assessment of the accuracy of the routine field 
records, through the use of post-mortem data. In 1964, lambs dying, 
at Stanhope, during the lambing period had a post-mortem carried out, 
by the farm manager, at the farm. Thus the post-mortem and routine 
field records of cause and age at death were compared. The reason for 
this preliminary study was to assist with the interpretation of the 
data of the main project. 
The routine field recording classed lamb deaths into about 20 
mutually exclusive groups. It was intended to pool the 
classifications of ages and causes of death to reduce them to 
manageable proportions, and to provide larger numbers in each group, 
to allow more accurate estimates of paramters. 
While inconsistencies and errors in the classifications have been 
presumed, the post-mortem data allow some check to be made on the 
extent of any errors. Therefore before carrying out the main analyses 
some estimate of the accuracy of the records was considered necessary. 
Also, the accuracy of the records and the distribution of deaths could 
determine the way in which the records should be pooled. 
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2.2 Materials. 
The data for this study comprise the permanent records on lambs 
born at Stanhope in 1964 and additional post-mortem records on most of 
the lambs dying during the lambing period, when the majority of lamb 
deaths occur. 
Routine field recording of lamb deaths recorded the age at death 
and a presumed cause of death, assessed visually by the shepherd or 
field recording staff. The post-mortem was a visual1 assessment of 
abnormalities, haemorrhages, gut contents, fat cover, kidney 
condition, lung condition etc. by the farm manager, but did not 
include any laboratory tests. On the basis of the examination a cause 
of death was given, independently of the routine field classification. 
This alternative classification allows some assessment to be made of 
the accuracy of the field records. However, the shepherd's assessment 
and the post-mortem assessment are not necessarily examining quite the 
same facts. The shepherd may classify a lamb as dying of starvation 
or alternatively as dying due to desertion by its dam. A 
classification as a result of a post-mortem would not distinguish 
between starvation (form lack of food) and desertion by the dam 
(leading to death due to lack of food). 
Table 2.1 shows the various causes of death and the code numbers 
which the permanent records contain. 
Page 	30 
Table 2.1 Classifications of causes of death and codes 
as recorded by the field staff. 
Lambs up to 2 weeks old. 
Code 	Cause of death 
10 	 Due to premature birth 
ii 	 Stillborn or suffocated 
12 	 Difficult parturition 
13 	 Weak lamb (lack of thrift), exposure 
14 	 Deserted by dam 
is 	 Starvation 
16 	 Unsuccessful fostering 
18 	 Others not classified, for which a cause has 
been given but which does not fall within one of 
the other categories. 
19 	 Not known 
Lambs over 2 weeks old. 
Code 	Cause of death 
30 	 Tick pyaemla 
31 	 Mineral tetany 
32 	 Enterotoxaemia 
38 	 Others not classified, as for code 18 
39 	 Not known 
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Table 2.1 (cont.) 
Accidental deaths. 
Code 	Cause of death 
40 	 Drowned 
41 	 Killed by fox 
42 	 Crushed 
48 	 Others not classified, as for code 18 
2.3 Results. 
Of lambs dying during their first three weeks of life, approx-
imatley 80% were examined post-mortem, of total deaths about 60% were 
examined post-mortem. 
Table 2.2 Data summary of 1964 born lambs. 
Total births 	 1273 
Total deaths, including unknown losses 	 280 
Percent mortality 	 22 
Number of lambs examined post-mortem 	 160 
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Most of the post-mortems were carried out during the first period of 
peak lambing. 
Table 2.3 
Number of lamb deaths in 1964 by cause of death. 
Cause 	No. overall No. examined No. not examined 
10 premature 7 7 0 
11 stillborn 29 18 11 
12 parturition 25 23 2 
13 exposure 8 5 3 
14 desertion 9 8 1 
15 starvation 49 44 5 
16 uns. 	fostering 10 9 1 
18 others 25 22 3 
19 u.k. 41 14 27 
30 ticks 10 0 10 
31 mineral 19 0 19 
38 others 11 0 11 
39 u.k. 24 0 24 
40 drowned 12 5 7 
41 fox 2 0 2 
42 crushed 0 0 0 
Total 280 160 120 
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Table 2.3 shows the distribution of numbers of deaths by recorded 
cause and the numbers which were and were not examined post-mortem. 
Table 2.4 shows that more than 50% of deaths occurred in weeks 0 and 1 
of life. 
Misclassification of routine records. 
The distribution of deaths for various recorded ages is shown in 
Table 2.5. There were 24 deaths recorded as being over 2 weeks, but 
which had a cause of death code less than 30. Codes of less than 30 
are supposed to be used for lambs up to 2 weeks of age, lambs greater 
than 2 weeks are supposed to have codes of 30 to 39. Therefore this 
indicates one area of possible error in the permanent recording. 
However, the method of calculating of age at death is not very precise 
and a recorded age of 3 weeks might actually refer to a death within 
14 days of birth. Thus it is not possible to determine from the 
permanent records whether the 24 deaths occurred at 3 weeks and were 
incorrectly coded for cause of death or whether the cause of death was 
correct and the age at death imprecise. 
Table 2.6 shows the distribution of deaths by age for the two 
methods, the calculated age at death and the post-mortem age. There 
is considerable overlap between those recorded as dying at 1 week and 
those dying at 2 weeks. Subdivision at 1 and 2 weeks will tend to 
include pen-natal effects grouped with much later effects. 
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Table 2.4 Lamb deaths by age at death. 
Age (weeks) 	No. overall 	No. examined 
0 	 19 	 9 
1 	 145 	 120 
2 	 20 	 20 
3 	 15 	 9 
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Comparison of causes of death. 
The figures on the diagonal in Table 2.7 represent a measure of 
the agreement of the assessment of cause of death between the routine 
field recording and the post-mortem conclusion. 71 out of the 160 
records agree for both classifications, 44%. However, as noted before 
the post-mortem and routine classifications are not exactly the same. 
A post-mortem examination may not be able to distinguish between 
premature, stillborn or difficult parturition, and the classes of weak 
lamb, deserted lamb, starvation and unsuccessful fostering may be 
classed by a post-mortem examination as due to starvation (reduced fat 
levels). Thus if groups 10, 11 and 12 are pooled and groups 13, 14, 
15 and 16 are pooled then 104 out of the 160 records agree, 65%. 
The post-mortem classification of cause of 	death 	is 	not 
necessarily the true cause of death, but rather an alternative 
assessment to the routine field records. Whilst the agreement between 
the two methods, even for the pooled groups, is not very high, only 
about 65%, the accuracy of both assessments, in terms of agreement 
with a real cause of death, is not known. 
2.4 Discussion. 
The accuracy of the field records for cause of death is not 
known, but some assessment of the accuracy of the age at death is 
possible, because the post-mortem data had the age in days. There is 
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Table 2.5 Calculated age at death against recorded cause. 
Recorded 	Recorded age (weeks) 

































Correspondence of post-mortem age and calculated age at death. 
Calculated 	Post - mortem age, days. 




2 	 2 	3 
Post - mortem classification by recorded classification. 
Post - mortem classification 
10 11 12 13 14 15 16 18 19 40 	Total 
09 





considerable overlap between deaths in weeks 1 and 2 (recorded age), 
with 13 deaths up to 7 days being recorded as week 2, although no 
lambs of more than 7 days were recorded as dying in week 1. 
From the above data it can be seen that the causes of death show 
disagreement between the two classifiations and therefore the main 
analyses have been made in terms of age at death, rather than cause of 
death. Also the frequencies of death in the separate classes are low 
and too many subclasses would be empty therefore giving poor parameter 
estimates. Thus the ages at death have been split into five groups; 
deaths at or around birth, early pen-natal deaths, deaths after the 
immediate pen-natal period, and later deaths when the lamb is 
becoming more independent. Splitting deaths into early pen-natal and 
deaths after the immediate pen-natal period was done at 2 weeks of 
age. Splitting at 1 week would group some of the early deaths with 
very much older deaths whereas splitting at two weeks means that there 
is little overlap, only 2 lambs less than 14 days were recorded as 
being 3 weeks old. 
The four main groups to be used in the main analyses are, 
Stillbirths and deaths up to and at birth (codes 10, 11 and 12). 
Early pen-natal deaths, up to 2 weeks, inclusive. 
Later deaths, whilst lambs are still largely dependent upon 
their dams, from 3 to 8 weeks. 
Other later deaths up to weaning, from 9 to about 20 weeks. 
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The fourth group includes deaths of lambs older than 8 weeks and 
up to 20 weeks. 20 weeks was taken as an upper limit because it is at 
about this age that male lambs are sold off and thus their records 
will cease. 
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Chapter 3 Materials and Methods. 
Two sets of data have been used in this genetic analysis of lamb 
mortality, one from A.B.R.0. s hill farm in Peeblesshire (Stanhope) 
and the other from the Welsh hill farm (Rhydyglafes). 
3.1 Stanhope data. 
Stanhope is a hill farm in the upper Tweed valley. It has some 
6000 acres of hill land and about 100 acres of enclosed fields. It 
carries a flock of approximately 1600 Scottish Blackface ewes, hefted 
on 4 hirsels. Initially ewes lambed on the open hill, but gradually 
over the period of the experiment they were moved to lamb in enclosed 
low ground paddocks, thus reducing lamb mortality rates and increasing 
the precision of recording. 
The data from Stanhope cover the period 1952 to 1974. 	During 
this period the flock was closed, with only home bred replacments. 
From 1952 to 1955 no selection was practised, but the sire and dam of 
each lamb were recorded, together with details of birthweight, sex, 
dam age and litter size. If the lamb died, the age at death and the 
presumed cause of death were recorded. Lambs born in 1956 and 
subsequently were from selected parents; the flock consisted of 6 
closed selection lines which were run and managed together, but which 
were bred separately. Five of the lines had full pedigree information 
recorded, from single sire matings. In the sixth line ewes were 
group-mated to 10 to 12 randomly chosen rams. Since the sire of the 
lamb was not known the data from this line have not been used in the 
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genetic study. 
The five lines used were, 
High medullation index (hairy) selection line. 
Low medullation index (fine) selection line. 
Control line. 
Short cannon bone length selection line. 
Long cannon bone length selection line. 
Replacement individuals for the two cannon bone lines were 
selected on the basis of the individual's 8 week cannon bone length, 
adjusted for body weight. Similarly, replacement individuals for the 
two medullation lines were selected on the Individual's wool fibre 
medullation score (Purser, 1978). 
Each line comprised some 200 to 250 females and at least 10 
males. Males were used only as ram lambs and females lanibed from 2 to 
5 years of age. Selection of males was within sire families, so that 
on average each sire left one son. This method of breeding was chosen 
to keep the rate of inbreeding as low as possible, lower than would 
have been the case if straight mass selection, ignoring sire families, 
had been practiced. By the end of the experiment in 1974 (after about 
7 generations) the average Inbreeding was only about 3%. Due to the 
low reproductive rate there was little opportunity for selection on 
the female side; where possible mass selection was practised. Ewes 
were culled for normal husbandry reasons; loss of teeth, lameness, 
mastitis and other factors unrelated to the selection objectives. The 
lines and sire groups were balanced for dam age, thus each sire was 
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mated to about 5 ewes of each dam age. 
3.2 Rhydyglafes data. 
Rhydyglafes is a hill farm near Corwen in North Wales. 	It 
extends from the river Dee through ffridd (upland pasture) to an open 
grazing and carries some 600 Welsh Mountain ewes, which lamb from 
mid-March to the end of April. 
The data for this study cover the period from 1953 to 1975. 
During this period ten different'genotypes', or breeding groups were 
maintained. These comprised 4 selection lines and various crosses 
amongst them, though not all were contemporaneous. 
These were, 
Hairy birthcoat selection line. 
Fine birthcoat selection line. 
Mountain type 
Pedigree type 
Line 2 male * line 1 female 
Line 1 male * line 2 female 
Line 1 male * line 5 female 
Line 2 male * line 5 female 
Line 1 male * line 6 female 
Line 2 male * line 6 female 
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Throughout the whole period there were two birthcoat selection 
lines, one selected for hairy hirthcoat type and the other for fine 
birthcoat type (Purser and Karam, 1967). The birthcoat selection 
lines were bred in a similar manner to the lines at Stanhope. 
Selection was mainly on the male side with closed lines and within 
sire family selectfon of replacement males. Each line comprised about 
200 ewes and at least 10 males which were used as ram lambs. The ewes 
were mainly used at 2, 3 and 4 years of age. In the crossbred groups 
ewes were also kept to 5 and 6 years of age. As at Stanhope ewes were 
balanced for dam age across sire groups. From 1953 to 1957 there were 
two other lines, one bred by 'Mountain type', and the other bred by 
Pedigree type' Welsh MountainramS, bought in each year. Replacement 
ewes 	were bred on the farm, but the rams were 	bought, 	
as 
representative of the two types, at local ran sales. These Mountain 
and Pedigree type rams were used to try and evaluate the two types of 
Welsh Mountain under the same environmental hill conditions. From 
1960 there were six types of crosses between the birthcoat selection 
lines. 
3.3 Records. 
The data comprised all lambing and disposal records for the two 
farms over the period 1952 to 1975. Routine field recording of the 
various lines included pedigree data, lamb birthweight, and at 
Rhydyglafes, the birthcoat types, sex and size of litter at birth and 
during rearing. Details of lamb deaths and the given cause and date 
of death were recorded. Cause of death was assessed on an inspection 
by the field recorder or shepherd. 	Age at death was recorded in 
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weeks. 
As described in Chapter 2, age at death has been divided into 
four mutually exclusive classes, with a fifth class which is the sum 
of the first four. 
Table 3.1 
Coding of age at death into 5 categories. 
Category/class 
Phenotype 1 2 	3 4 	5 
Stillborn 1 0 	0 0 	1 
Dying before 2 wks. 0 1 	0 0 	1 
Dying between 2 & 8 wks. 0 0 	1 0 	1 
Dying between 8 & 20 wks. 0 0 	0 1 	1 
Alive at 20 wks. 0 0 	0 0 	0 
Table 3.1 shows the various phenotypes possible for the five classes 
of 	age at death (mortality classes). 	The 	phenotypes 	are 
discontinuous, taking the values of 0 or 1, and are the mortality 
traits used in the genetic analysis. 
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The mean frequency of deaths in each of the five classes of age 




1 4.0 2.2 
2 6.0 6.8 
3 4.3 2.6 
4 1.5 1.0 
5 15.8 12.6 
3.4 Methods of analysis. 
Two methods of analysis have been used. 	Initially a nested 
least-squares analysis of variance method was used. This method has 
the advantage of being relatively quick, and 	there are many 
statistical packages already available. Least-squares has been used 
by most researchers to analyse such discontinuous traits, at least in 
the field of animal breeding. 	However, the method has various 
deficiencies, outlined below. 	To avoid some of the theoretical 
problems associated with the analysis of discontinuous data by 




A nested analysis of variance computer analytical programme, 
HIERF (Thompson, 1968), was used. 
The model involved five levels of nesting, 
Years 
Lines within years 
Sires within lines 
Dams within sires 
Progeny within dams 
In addition to these nested factors, covariate adjustment was 
made for sex, age of dam, litter size, birthweight and the cumulative 
selection differential. The covariate adjustment was through a series 
of dummy variables to represent the presence or absence of each 
particular effect. Birthweight and, at Rhydyglafes, birthcoat type, 
were fitted as linear and quadratic regressions because prior evidence 
from the literature suggested that they had curvilinear effects on 
mortality. At Stanhope the selection differentials applied each year 
were similar (as were the responses) (Purser, person 
communication), and thus the cumulative selection differentials have 
been represented by the number of years of selection. Thus lambs born 
in 1952 to 1955 have a selection differential of zero for both lines. 
Lambs born in 1957 in the long cannon bone line have a value of +2 for 
the cannon covariate and 0 for the medullation covariate; a short 
cannon bone line lamb born in 1957 would have a cannon covariate of 
-2. The control line lambs had zero cannon and medullation covariates 
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throughout. Whilst responses in birthcoat type at Rhydyglafes were 
not linear, similar amounts of selection were practiced each year 
within lines (Purser, personal communication) and thus the cumulative 
selection differentials for birthcoat type (Bc. sel.) may be 
represented by the number of years of selection for birthcoat type. 
The initial model fitted to the data from Stanhope was, 
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where, 
kL 
yt,..... = mortality value for the ljklm 	individual 
U 	overall mean 
yr, 	= year, i = 1,2,...,23 
in.'. 	= line within year, j =  
sr.. 	= sire within line, k = 
dm4t 	= dam within sire, 1 = 1,2,... 'n:,ç 
= sex of the ijklm 	iamb, where sex is 
male (entire) or female, and coded 2 or I respectively 
= mean sex code 
b 	= regression on sex code 
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= birthweight of the ijklm 	lamb, in kg. 
= mean birthweight, in kg. 
b 	= regression on birthweight 
= birthweight squared of the ijklm 	lamb, in kg 
= mean (squared birthweight), in kg. 
bz 	= regression on birthweight 
= litter size of the ijkl' dam, coded 0 for twins 
and 1 for singles. 
= mean birth type 
bM. 	= regression on birth type 
= dam age dummy covariate for the n age, 
n = 1,2,3,4, corresponding to dam ages 2, 3, 4 and 5. 
It is not necessary to fit a fifth class for dam age 
of 6 years. 
= mean for the n' dam age dummy covariate class. 
b 	= regression on the n 	dam age dummy covariate class. 
med.. 
	
	= cumulative selection differential for medullation 
for the ij.line. 
= mean cumulative medullation selection differential. 
= regression on cumulative selection for medullation. 
can.. 	= cumulative cannon selection differential 
Is 
for the ij t line. 
= mean cumulative cannon selection differential. 
C..-. 
bca 	= regression on cumulative selection for cannon. 
e .. 	= random error associated with the ijklm'' lamb. 
The above model assumes that all terms, apart from the overall 
mean, are random variables, and that the components of variance may be 
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Table 3.2 
Degrees of freedom and Expectations of Mean squares under 
a random model for overall lamb mortality from Stanhope, 
after fitting covariates. 
Source 	 D.f. 	Expectations of Mean squares 
Years .22 o 	+ l. 14o + 23.50o- 	+ 272.03o 	+ 1028.150; 
Lines/years 74 cr 	 + l.l5o + 23.52o 	+ 230.35ot 
Sires/lines 1022 a 	+ l.l4 + 2O.98o 
Dams/sires 20846 + l.08crd e 
Residual 1804 
Total 	 23768 
Table 3.3 
Degrees of freedom and Expectations of Mean squares under 
a random model for single—born lambs from Stanhope, 
after fitting for covariate effects. 
Source 	 D'-f- 	Expectations of Mean squares 
Years 	 22 	c,4 + 20.10 o + 233.48 o + 868.96 
Lines/years 	74 	o + 19.85 o + 194.09 cr 
Sires/lines 	1021 	o- + 17.81 o 
Residual 	19038 	o 
Total 	 20155 
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Table 3.4 
Degrees of freedom and Expectations of Mean squares under 
a random model for twin-born lambs from Stanhope, 
after fitting for covariate effects. 
Source 	 D.f. 	Expectations of mean squares 
Years 	 22 	o+ 2.0o + 5.27 o + 38.32 a' + 152.85 4 
Lines/years 	74 	o + 2.0 o + 5.41 	+ 35.45 o 
Sires/lines 	704 	a, 	2.0 o+ 4.36 o 
Dams/sires 	1000 	o + 2.0 44 
Residual 	 1804 	a,, 
Total 3604 
Table 3.5 
Degrees of freedom and Expectations of Mean squares under 
a random model for overall lamb mortality from Rhydyglafes, 
after fitting covariates. 
Source 	 D.f. 	Expectations of Mean squares 
IX 
Years 	 22o- + 1.36o + 26.590 + 176.65cr! + 519.38o, 
Lines/years 	58 	a,, + 1.350 + 23.40o + 134.290 
Sires/lines 489 o 	+ 1.35o 	+ 21.38cr 4 
Dams/sires 9781 o 	+ 1.2lo 
Residual 2219 O 
Total 	 12569 
Page 	51 
Table 3.6 
Degrees of freedom and Expectations of Mean squares under 
a random model for single-born lambs from Rhydyglafes, 
after fitting for covariate effects. 
Source 	 D.f. 	Expectations of Mean squares 
Years 	 22 	+ 17.13 o + 112.70o ~ 3•7 
Lines/years 	59 	o + 15.29o- + 
Sires/lines 	475 	a , 	14.03 y 
Residual 	 7494 	cy 
Total 8050 
Table 3.7 
Degrees of freedom and Expectations of Mean squares under 
a random model for twin-born lambs from Rhydyglafes, 
after fitting for covariate effects. 
Source 	 D.f. 	Expectations of Mean squares 
Years 22 cr+ 2.0 o + 10.88 o 	+ 65.36 o 	+ 183.11 crZ 
Lines/years 59 o 	+ 2.0 cr + 8.77 a 	+ 45.68 o- 
Sires/lines 429 cr 	+ 2.0 o + 8.43 o 
Dams/sires 1713 o' + 2.0 cit .1 






estimated by equating the mean squares from the analysis of variance 
to their expectations. Sires, which were used only for one breeding 
season, are nested within lines and years. There were about 1100 
sires used at Stanhope over the 23 years and about 500 sires at 
Rhydyglafes over the 23 years. Lines and dams occur across years. 
Lines should more correctly be considered as fixed effects and they 
occur over all 23 years. Dams occur for a maximum of 5 years, and are 
here considered to be random effects. Due to the large numbers of 
dams in both data sets (at Stanhope there were about 7000 dams, and at 
Rhydyglafes about 3000 dams) it was not computationally feasible to 
fit a cross-classified model (dams*years) taking account of dams. 
Tables 3.2 and 3.5 give examples of the degrees of freedom and 
coefficients of the expectations of the mean squares, at Stanhope and 
at Rhydyglafes, for the analysis of singles and twins combined. 
The data at both Stanhope and at Rhydyglafes were also analysed 
separately for singles and twins rather than combined. For the 
analysis of singles born lambs it was not possible to fit for dams. 
Thus a four level nested analysis of variance was carried out with; 
years, lines within years, sires within lines, and progeny with sires. 
The degrees of freedom and expectations of the mean squares for the 
various models (combined, singles and twins) are shown in Tables 3.2 
to 3.7. 
Heritabilities have been estimated as 4o/o, where cris the sum 
ofo , o & o, and o ,o & o refer to the variances of sires, dams 
C 	 C 
and residual respectively. 	Standard errors (s.e.) of the estimates 
of heritability have been calculated from the linear functions of the 
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mean squares, Becker (1975). The variance components are estimated as 
a linear function of the mean squares and thus the variances of the 
variances are also functions of the same mean squares, the degrees of 
freedom, and the appropriate coefficients, see Becker (1975) for 
examples of derivations. 
Although the data are coded as 0 or 1 a standard analysis of 
variance was carried out as if the data were continuous variables. 
The estimates of heritabilities are therefore dependent upon the 
frequency of the dependent trait and were adjusted to a 
frequency-independent basis by multiplying by p(1_p)/za, as suggested 
by Robertson and Lerner (1949), where p is the overall incidence of 
mortality, and z is the height of the ordinate of a normal 
distribution which divides the population into two classes, with 
frequencies p and i -p. 
The nested analysis of variance, indeed any of the standard 
analysis of variance methods, suffers from the following problems. 
1) The variances in different subclasses (sire groups, line 
groups and dam groups) are unequal. The incidences of mortality in 
each dam, sire, line or year group obviously differ and the variance 
in each group is dependent upon the mean incidence of mortality in the 
group. 
2) The fitted values may lie outside the phenotypic limits of 0 
and 1. 	Estimable functions of the various effects may give estimated 
probabilities for particular sub-classes that lie outside the range 0 
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to 1. This is a particular problem when the incidence of the trait is 
at low frequency when the data are highly skewed. 
3) Equal changes in the explanatory variables imply equal changes 
in the probabilities, whereas this may not be the case. 
To be set against these disadvantages of least-squares, there are 
the advantages of speed, ease and reliability of the least-squares 
packages that are available. For this reason, most analyses of 
discontinuously distributed 	characters 	have 	used 	least-squares 
methods. 	However, it is theoretically unsatisfactory that the 
assumptions that are required for analysis of variance methods are 
ignored and the estimates of heritabilities adjusted after estimation. 
3.6 Maximum likelihood. 
The least squares analysis of variancemethods are theoretically 
inappropriate for analysing discontinuous traits. To attempt to 
overcome some of the theoretical problems associated with analysis of 
variance methods, an iterative maximum likelihood programme (GLIM, 
Generalized Linear Models) was also used. This programme allows 
discontinuous traits to be analysed, to estimate the effect of 
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parameters and their significance. 
3.6.1 Generalised Linear Model (GLIM) package. 
Until recently no suitable statistical package for analysing 
large sets of binary data was available. Packages are now available, 
using maximum likelihood estimation, but they are more restrictivj 
than the least-squares packages. The GLIM package used here is more 
limited in the number of parameters that may be estimated than the 
nested analysis of variance programme described in Section 3.5. This 
is due to the limitations on amount of data which may be analysed and, 
because of the iterative maximum likelihood estimation, on the time 
required to estimate the parameters. 
The GLIM programme is an iterative maximum likelihood programme 
which may be used to fit linear models with various link 
transformation functions. The link function relates the expectations 
of the observed values to an additive linear model. An identity link 
function gives the normal analysis of variance linear model with 
parameter estimation after one cycle of iteration. Nelder and 
Wedderburn (197 2) have given the derivation of the generalized linear 
model and the statistical background to the GLIM programme. 
3.6.2 Logistic model. 
For a quantitative, continuous variable a linear model would be, 
E(YI..) = ' x.. b. 	V(Y I .) = - 
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where Y. = the observed, quantitative variable on the 
i' individual, I  
x 1-. = value of the j 	observation of the independent 
variables on the i individual, 	j = 1,2,... ,g 
1k 
b. = effect of the j factor. 
However, fora binary trait let, 
Y. 	1 for a response for the i individual 
y. 	0 for no response for the i' individual 
E(Y) = e.= probability of a response. 
An additive linear model is desired which will give fitted values 
for probabilities lying between o and 1. A usual linear model may be 
used. However, 0 O. 1, but is unconstrained, thus fitted 
probabilities, 	= 	x. b. , may lie outside the limits of 0 and 1. 
This unconstrainedness is a particular problem with binary data when 
is close to 0 (or conversely close to 1) and then estimates of 
denoted by (9Z ,  may be less than 0 or greater than 1. 
In Section 3.5 it was noted that the least squares analysis of 
variance methods may lead to fitted probabilities outside the limits 
of 0 and 1. To overcome this problem one requires a transformation 
such that, whilst the xb is unconstrained, the probability, 
lies between 0 and 1. 
The descriptions of success or failure are arbitrary and may 
he 	reversed. 	For this analysis, and other such analysis 
	of 
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all-or-none characters, death has been coded as 1 and survival as 0. 
However, survival could just as logically been coded I and death coded 
as 0; they must both sum to I. Since there are only two classes the 
ordering of the codes is arbitrary, thus a function symmetric about 
9 = 0.5 is required. 
A further criticism of analysis of variance is that equal changes 
in the explanatory variables imply equal changes in the probabilities. 
A difference between 0 = 0.01 and e = 0.02 is probably more severe 
than a change from 	= 0.50 to 0 = 0.51, a 100% increase in the 
former case and a 2% increase in the latter case. 	Thus a function 
which allows a large change in the explanatory variables at low 
probabilities with a small change in probabilities, and larger changes 
in the probabilities for similar changes in the explanatory variables 
at intermediate probabilities is desirable. 
The logistic transformation, together with other transformations 
(e.g. probit), has the properties described above, Cox (1970), 
desirable for analysing 0,1 data. For binomially distributed data the 
logistic transformation is suitable because, 
It gives a distribution which is a member of the exponential 
family; this had a number of theoretical advantages, being solvable 
with simple sufficient statistics. 
The logistic transformation is a particular case of the 
1-linear model, which is generally regarded as the most suitable 
approach to the analysis of contingency table data. 
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Cox (1970) states that the probit (integrated normal curve) has 
the theoretical disadvantage of the absence of sufficient statistics. 
The probit and logistic models usually differ by little except towards 
the extremes of the distribution where the probit approaches its 
limits more quickly than the logistic, i.e. the logistic pulls out 
the ends of the distribution. It is precisely the area close to the 
extremes, low incidences of the trait being examined, that are of 
interest. For intermediate incidences and relatively small variations 
in the incidences then normal least squares will give similar results 
and will be quicker than iterative maximum likelihood estimation. 
Logistic transform = XL = ln[O;/(l—O)] 




This is also called the logarithm of the odds ratio, the log-odds 
ratio. The logistic transform (also called the logit function) gives 
equal changes in the log-odds ratio for equal changes In the 
explanatory variables, and whilst the fitted probabilities will lie 
between 0 and 1 the explanatory variables may lie anywhere along the 
real line, - 	to + 
Data are assumed to be arranged in groups of size n, with r 
'responding (or successes) ((0,1) data with r1s) and t independent 
explanatory variables, sire, age of dam or other factors. 
Iterative maximum likelihood estimation is used to calculate the 




Z I 	5 x- b. + function of (Y. - 
V = function of the fitted values 
The var(b) equals (X'V' X)' 
The likelihood and log-likelihood for any particular model being, 
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Likelihood L = TI (r(l 	)*k 
LnL = LS'[rin(p) + (n_r)ln(l_p)]*k 
where I = 1,2,..,g = number of groups 
and p 	exp2.x- b 1(1 + expx-b.) 
sl 
i.e. 	 = 	= ln(p/(l-p)) 
The maximum model that may be fitted to such data is one for 
which a different parameter is fitted for every group (of size n). 
The parameter estimate for this maximum model will be p ,= r e/n If 
the likelihood of this maximum model is L, and the likelihood of a 
model (m) which is a subset of the maximum model, has fewer 
parameters, is L then a measure of the goodness-of-fit of the model m 
is obtained from, 
Deviance = _2*ln(L.., /L,) 
This deviance statistic is analagous to the sums of squares from an 
analysis of variance, scaled for the residual variance. 
The deviance statistic is distributed asymptotically as X I as 
the number in each group (n) tend to infinity (Nelder and Wedderburn, 
1972). For small group sizes it will only be approximate. Therefore, 
for a fixed number of individuals, grouping into many groups of small 
size will give a deviance statistic which is less reliably distributed 
as a . However, the mean deviance (Deviance/degrees of freedom) 
may be tested against an appropriate residual mean deviance, as a F - 
ratio statistic. While the deviances are only asymptotically it 
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is believed that the ratio of such mean deviances 	is 	better 
distributed as a F - statistic, that is the F - statistic approaches 
its asymptotic value faster than does the 	(GLIM (1978), Sales, 
personal communication). 
3.6.3 Analysis of sire summary. 
Data on individual lambs were pooled within sire families so that 
there was a single record for each sire. This record consisted of the 
year, the line, the cumulative selection differentials for medullation 
index and for cannon bone length, the number of lambs born and the 
number of offspring dying in each of the five mortality classes. 
Years, lines and the selection differentials may be fitted and the 
deviances and degrees of freedom associated with each model used to 
build up an analysis of deviance table, analagous to that for an 
analysis of variance, see Table 3.6.4. Fitting sires will completely 
describe the data, as grouped. This is because a separate probability 
may be ascribed to each sire, namely nfl, where r lambs die of n born. 
The deviance statistics may be tested as 
7(2 
statistics and the 
mean deviances tested as F - ratios against the appropriate residual 
mean devaince. This analysis allows the testing of the significance 
of years, lines, the interaction of years and lines, and the 
regressions on the cumulative selection differentials. After fitting 
years, lines and the interaction of years and lines, then the deviance 
remaining is that between sires within years and lines. The null 
hypothesis for the remaining deviance is of no differences between the 
sire groups, except for random sampling from .a single population. 
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Table 3.6.4 
An outline of an analysis of deviance, of Stanhope lamb data. 
Model fitted Total D.f. Total Deviance 
1 	Yrs+Lns+Msd+Csd Df(Yrs,Lns,Msd,CSd) Dev(Yrs,Lns,Msd,Csd) 
2 	Yrs+Lns+Msd Df(Yrs,Lns,Msd) Dev(Yrs,Lns,MSd) 
3 	Yrs+Lns+Csd Df(Yrs,Lns,Csd) Dev(Yrs,Lns,CSd) 
4 	Yrs+Lns+Yrs*Lns Df(Yrs,Lns,YrS*LflS) Dev(Yrs,Lns,YrS*LflS) 
5 	Yrs+Lns Df(Yrs,Lns) Dev(Yrs,Lns) 
6 	Yrs+Msd+Csd Df(Yrs,Msd,Csd) Dev(Yrs,Msd,Csd) 
7 	Lns+Msd+Csd Df(Lns,NSd,CSd) Dev(Lns,Msd ,Csd) 
Analysis of Deviance. 
Term D.f. Deviance 
Years Df(7) - Df(1) Dev(7) - Dev(1) 
Lines Df(6) - Df(1) Dev(6) - Dev(l) 
Msd Df(3) - Df(l) Dev(3) - Dev(1) 
Csd Df(2) - Df(1) Dev(2) - Dev(1) 
Yrs*Lns Df(5) - Df(4) Dev(5) - Dev(4) 
where Yrs = Years 
Lns = Lines 
Msd = Medullation selection 
Csd = Cannon selection 
Yrs*Lns = Years by lines interaction 
and Df(1) = Degrees of freedom after fitting model 1 
and Dev(1) = Deviance after fitting model 1 
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Then, if there are differences between sires, the residual deviance 
statistic should significantly exceed its expectation under the null 
hypothesis. 
3.6.4 Analysis of individual records. 
Grouping the data on sire families ignores the differences 
between individuals within sire groups. Thus individual records were 
analysed to allow for fitting of effects to individual lambs, such as 
sire, age of dam, sex, birthweight. 
The size (n) of each subclass will be 1, and r will equal 0 or 1, 
depending upon whether the lamb lived or died respectively. 
Consider a simple situation with a dat4 set of N individual lamb 
records, each lamb having a sire, with n progeny per sire, and s 
The deviance statistic calculated by CLIM is _2*1fl(L,jLm&), 
where L = the likelihood of model m, and is the likelihood of 
the maximum model. The maximum model in this case will be a different 
parameter for every subclass, i.e. for every lamb. This will be a 
probability, P; of 0 or 1, if the lamb lives or dies respectively. 
The log likelihood of this maximum model, 
LnL 	 [pin(p) - (l-p)ln(l-p)] 
P, is estimated as r./n. , n . = I 	for all i and r = 0 or 1, so 
that p. equals 0 or 1. Thus LnL 	= 0. Then the deviance statistic 
0 
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is only _2*ln(L), and is therefore only a function of the number of 
individuals and the incidence of the trait and is not distributed as a 
)C. The deviance statistic is only )( 
Z
when the total number of 
observations, N, is allowed to tend to infinity without the number of 
groups in the maximum model also increasing. Thus for the case of 
individual records as N tends to infinity, so for the maximum model 
the number of parameters (1 for each observation) also tends to 
infinity. Therefore the deviance statistics are not asymptotically 
For data arranged into a fixed number of groups (g), each of 
size n, as N tends to infinity so the value of the group mean, p• 
r./n. , is more accurately measured. However, the number of groups, 
g, remains the same, and the deviance statistics associated with 
models fitted to such data will therefore be asymptotically 7<.. 
Consider fitting two models to the individual lamb mortality 
records, model N fitting only an overall mean and model M fitting 
sires. Let Df and Dev represent the degrees of freedom and deviances 
respectively. 
Dev(M1) = 2*[ln(Lm ) - ln(L)} = _2*[ln(L)] 
Dev(M) = _2*[ln(L,) - ln(L..4)J = _2*[ln(L)] 
Dev(N1) - Dev(M) = 
The difference in deviance is equivalent to the data being 
grouped on model M and fitting N, and does not involve the maximum 
model M, for which different parameters are fitted to 	each 
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observation. 	Thus this difference between deviance statistics will be 
asymptotically ?C with degrees of freedom Df(M 1 ) 	 - Df(M). 
These models may be extended to include the effects of age of 
dam, sex, litter size and birthweight. Thus, within each year, the 
maximum model is one for which a different parameter is fitted to 
every observation. However, this is a trivial model and the fullest 
model considered here is one with lines, sires within lines, age of 
dam, sex, litter size and birthweight. If this is model M.and model 
N 1 is the same model, but without sires, then the difference in 
deviance and degrees of freedom is due to sires. This will therefore 
be the effect of sires, within years and lines, and may be summed over 
all years to give an overall test of the effect of sires, after 
fitting the other effects. Thus the sum of the marginal deviances of 
sires within lines will be asymptotically with degrees of freedom 
equal to the sum of the degrees of freedom for sires within each year, 
within lines. 
An alternative method of interpreting the deviance statistics, 
due to Hill (personal communication), is also outlined below. 
The expectations of the deviance statistics for two models are 
derived; the first model being one for which only an overall mean is 
fitted, the second model being on e for which a mean and values for 
sires are fitted. The first model involves fitting only u, and 
derives the expectation of the deviance statistic in terms of the 
number of individuals (N), and the estimated mean incidence (p). The 
second model involves fitting u + s 1 , and derives the expectation of 
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the deviance statistic in terms of the numbers of progeny per sires 
(n ), the mean incidence (), and the variance (cr) of the sire 
probabilities (p.). It is thus shown that the difference in deviance 
statistics between model 1 and model 2 is a function of o, , N and 
s, where s is the number of sires. 
Let there be s sires, each with n progeny, N = sn lambs in total. 
If the individual lamb records be arranged in g groups with a binomial 
distribution of responses then the likelihood (L) of the model will 
be, 
L 	11 p.(1-p)' 
where n = number of individuals in the i ' group 
14. 
r. 	number of responses in the 1 - group 
I' 
p. = 
probability of response in the i 	group 
Thus the log likelihood (LnL) will be, 
Ln(L) = 	[np.ln(p) + n ; (1-p.)ln(lp)1 
Model 1 
	
Consider fitting only an overall mean to the data; 	there will 
thus be only one group with N individuals in the group. 
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Then E(LnL ) = E(N[ln(j) + (1-j)1n(1)]) 
where j = mean probability 
However, p is unknown and can only be estimated by j. 	Thus an 
estimate of P may be derived by a Taylor's series expansion about the 
parameter P. 
ln() + (1-)ln(l-) 
= ln(p) - ln(l-p) 
= 1/p + 1/(l-p) 
= 1/[p(l-p] 
Ir 	+ dp) 	't'(i) + dp't'(p) + J- d pZ2t( p) + 
-- 
+ dp = 
evaluate by using p as the estimate of p. 
Thus, 
= 	+ dpf'(P)j 	+ L dpP(p) 	+ .... a 
E(LnL 1 ) = 
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but E 	= 0 
E(LnL, ) 	 E(N[jiln() + (1-j)ln(1) + 
J- 
(-)  2 
But, 	
(_j)* = (P-P)/N 	= 
this is the sampling variance about the mean 
> E(LnL 1 ) = Nftln() + (1-)ln(1) + 
N[ln() + (1-)ln(1P)1 + 1/2 
Model 2 
Consider fitting a different probability to each sire group; 
there will 	therefore be s groups, each of size n. Then the log 




[npJn(p) + n (l-p)ln(lp)] 
where p. = probability for the progeny of the i 	sire 
However, p. is unknown and can only be estimated by j. Thus an 
estimate of p, may be derived by a Taylor's series expansion about the 
parameter j'. 
+ dp) =1'(p) + dpF(p) ~ .!.- dj'J'(p + 
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+ dp 
evaluate by using 
Thus 
'(p) =?'U + dp ~)'f(p)/ - + 	d P? 
Combining over all sires 
E(LnL ) = E( 	n'f'(p;)) 
=> E(LnL ) 	E( 	n.[ln(f) +  
+ (p-  
However,(ps. - 	 = 0 
and E (n.. - 	 = 	+  
> LnL 	= 	1, n,.[ln(j) + (l-ji)ln(l-)} 
+~ 1n.[  
= Nftln() + (1-)ln(1-p)] + 
	
+ 1/n 
= N[ln() + (1-)ln(1-)] +..! 	[ncr/(j(1 -i)) + 1] 
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= N[in(fi) + (i-)ln(i-)] + 1 [No/((i-i)) + s] 
2. 
Thus the difference between fitting the two models, is a measure 
of the effect of sires. 
> E(-2(LnL 1 - LnL)) = N/(P(1-)) + s - 1 
= Nr/((1- )) + ( s-i) 
(s-1)]p(1-p)/N 
where c,- equals the variation, in probabilities of mortality in 
the offspring, between sires, and 5 equals the difference in deviance 
between fitting an overall mean and fitting sires. Thus for a 
phenotypic variance of p(i-p) the heritability will be, 
h 	= 4*(8 - (s-1))/N 
This estimate is thus independent of the incidence of the trait. 
However, it does assume that the moments above the second in the 
Taylor series expansion may be ignored. 
This method may he extended to include the effects of age of dam, 
sex, litter size and birthweight, as well as sires. 
3.7 Comparison of various maximum likelihood analyses. 
For the sire summary analysis the residual deviance after fitting 
years*lines is the variation between sire groups, within years*lines. 
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If there were no differences between sires and no differences between 
lambs, in their probability of dying, then the r (number of deaths in 
each sire group) would be random samples from a uniform population 
with the r ;  distributed B(n,p), binomial distribution with parameters 
p and n. Differences between sires will increase the variation of the 
above the distribution for no sire differences. Effects, such as 
dam age, for which sire groups were balanced, will reduce the 
variation between sire groups, even if there are in fact differences 
due to sires. Thus if the residual deviance significantly exceeds its 
expectation (in terms of the degrees of freedom) then this implies 
significant sire effects. However, non-significant differences 
between sire groups could be caused by, 
No sire differences. 
Sire differences, counter-balanced by various fixed balanced 
effects. 
The deviance statistics are only asyptotically ), and if the 
incidence of the trait being examined is very low then the deviance 
statistics may be poor approximations to 
For the sire summary analysis lambs were grouped by sire, 
ignoring differences between lambs due to such factors as dam age, 
sex, litter size and birthweight. Thus the analysis of individual 
lamb records was undertaken to allow for such factors, as outlined 
above (3.6.5). Dam age, sex, litter size and birthweight were fitted, 
together with sires within lines, the analyses being carried out 
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within years. 	The difference between fitting sires in the model and 
excluding sires may be tested as a 	statistic. Whilst there may be 
differences between sires the nature of the difference is 	not 
specified, only that progeny from different sires may have different 
probabilities of dying. The derivation due to Hill (personal 
communication) assumes a variance due to sires (c), which may be used 
to derive a heritability estimate that is independent of the incidence 
of the trait. 
The above two methods of interpretation of the individual lamb 
recordds are similar, however, the first method only indicates whether 
there are significant differences between sires. The method due to 
Hill, essentially similar to the heterogeneity )C, assumes that the 
function, evaluated using a Taylor series expansion, is linear and 
normally distributed, and that the moments above the second may he 
ignored. 
- '-- -- 	 - 	 - -- 	- 
---
- 	 ---- 
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Chapter 4. Results from analysis of Stanhope data. 
A summary of the number of lambs born in each year and line at 
Stanhope is shown in Table 4.1.1. There were between 200 and 250 ewes 
mated in each line each year. Since there was no selection prior to 
1956 the births from 1952 to 1955 are assigned to line 3, the control 
line. From 1952 to 1955 only part of the flock was recorded. In 
Tables 4.1.2 to 4.1.6 the mortality for each line in each year is 
given, for the 5 traits (classes of age at death). There are 
considerable fluctuations from year to year. 
4.1 Results from analysis of variance. 
Since birthweight has been shown to affect lamb survival, the 
effects on birthweight of the selection for medullation index and for 
cannon bone length were examined. A nested analysis of variance model 
was used, with years, lines within years, sires within lines, dams 
within sires and progeny within dams. Covariate adjustment was made 
for age of dam, litter size and sex and the regressions on cumulative 
selection for medullation index and for cannon bone length. Sex, 
litter size and age of dam all had highly significant effects upon 
birthweight. The selection for medullation index had no significant 
effect on birthweight, but the selection for cannon bone length had a 
very highly significant effect upon birthweight, long cannon bone line 
lambs having heavier birthweights than short cannon bone line lambs. 
The estimate of the regression coefficient for cannon selection was 
0.010321 kg birthweight/year. Over the 19 years of divergent 
selection, this gives an estimated difference between the two cannon 
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Table 4.1.1 Number of births by year and line. 
Year Line 
H F C S L 
1952 - - 149 - - Line 
1953 - - 142 - - H = High medullation 
1954 - - 773 - - F = Low medullation 
1955 - - 804 - - C = Control 
1956 240 206 212 207 231 S = Short cannon 
1957 243 224 253 237 223 L = Long cannon 
1958 240 252 226 257 228 
1959 280 276 276 277 241 
1960 220 255 235 241 233 
1961 227 237 222 226 236 
1962 233 220 220 230 253 
1963 223 227 232 195 237 
1964 184 210 226 192 219 
1965 220 228 245 239 244 
1966 192 213 199 196 200 
1967 234 234 227 219 235 
1968 208 238 241 225 236 
1969 236 229 238 217 259 
1970 224 229 224 222 244 
1971 218 226 224 174 226 
1972 220 240 204 249 240 
1973 251 230 243 247 250 
1974 223 254 239 267 254 
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Mortality % up to and at birth (trait 1), by year and line. 
Year Line 
H F C S L 
1952 - - 0.0 - - 
1953 - - 2.1 - - 
1954 - - 4.3 - - 
1955 - - 4.1 - - 
1956 3.8 4.9 0.9 4.4 2.2 
1957 2.5 1.8 2.4 5.1 4.0 
1958 4.6 4.0 3.5 4.7 3.5 
1959 3.9 2.9 5.1 7.2 2.5 
1960 5.0 2.8 5.5 7.5 5.2 
1961 6.6 3.0 2.7 3.5 5.9 
1962 2.6 2.3 6.8 4.8 2.8 
1963 1.4 1.8 3.5 4.6 3.8 
1964 4.9 3.8 2.7 7.3 3.2 
1965 3.2 6.6 4.5 5.4 4.1 
1966 4.7 4.2 6.0 6.6 7.5 
1967 9.4 5.6 2.6 5.9 3.8 
1968 4.8 4.2 4.6 5.8 3.0 
1969 3.0 6.1 4.2 4.6 3.1 
1970 1.3 4.7 3.1 4.1 3.3 
1971 3.7 2.7 1.8 6.3 4.0 
1972 2.7 0.8 2.9 3.2 3.3 
1973 5.6 1.7 0.8 6.9 2.8 
1974 3.1 1.6 5.4 4.9 2.0 
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Mortality % from birth up to 2 weeks (trait 2), by year and line. 
Year Line 
H F C S L 
1952 - - 4.0 - - 
1953 - - 8.5 - - 
1954 - - 16.8 - - 
1955 - - 16.8 - - 
1956 4.6 3.4 3.8 2.9 6.1 
1957 4.1 5.8 2.8 3.0 3.6 
1958 3.8 6.4 4.9 6.6 7.0 
1959 1.8 2.5 4.0 4.0 4.6 
1960 4.1 4.7 5.5 4.6 4.7 
1961 4.4 3.0 5.0 5.8 5.1 
1962 3.0 5.0 4.1 6.5 4.0 
1963 8.5 7.5 6.0 5.1 7.6 
1964 9.2 5.7 0.6 8.3 10.5 
1965 5.5 6.1 4.1 2.9 3.7 
1966 7.3 5.2 5.5 7.1 7.5 
1967 6.0 7.3 8.4 7.3 8.5 
1968 3.0 6.7 5.4 2.0 8.1 
1969 7.2 9.2 6.7 9.2 8.9 
1970 3.6 7.9 7.6 4.1 5.3 
1971 3.7 2.7 4.0 3.5 2.7 
1972 2.7 3.8 5.4 1.6 3.3 
1973 1.2 4.4 3.3 5.3 1.2 
1974 3.6 2.8 2.1 3.8 2.4 
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Mortality % from 2 weeks to 8 weeks (trait 3), by year and line. 
Year Line 
H F C S L 
1952 - - 15.4 - - 
1953 - - 2.1 - - 
1954 - - 4.9 - - 
1955 - - 4.7 - - 
1956 5.4 7.8 4.3 4.4 5.2 
1957 2.9 1.3 4.0 2.5 3.6 
1958 2.9 4.8 2.2 2.3 2.6 
1959 2.1 1.1 4.4 3.6 1.7 
1960 6.4 3.5 4.7 2.5 4.3 
1961 4.0 4.6 4.5 2.7 3.0 
1962 3.0 4.1 3.2 2.6 3.6 
1963 5.8 8.8 5.6 7.2 7.2 
1964 7.6 6.7 6.6 3.1 4.1 
1965 2.3 5.7 3.3 1.7 4.1 
1966 52 6.1 4.5 4.1 9.0 
1967 5.6 8.6 4.9 6.4 6.4 
1968 5.3 1.3 6.2 5.3 5.9 
1969 4.2 3.5 4.6 5.1 7.0 
1970 2.7 3.9 1.3 5.4 1.6 
1971 2.3 5.3 1.8 2.3 1.8 
1972 5.5 5.8 2.0 3.6 4.2 
1973 2.4 5.2 4.5 2.4 1.6 
1974 2.2 2.8 3.4 1.5 2.4 
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Mortality % from 8 weeks to 20 weeks (trait 4), by year and line. 
Year Line 
H F C S L 
1952 - - 0.0 - - 
1953 - - 0.0 - - 
1954 - - 0.7 - - 
1955 - - 0.9 - - 
1956 1.8 2.9 2.8 4.8 1.7 
1957 0.8 1.3 1.2 3.0 1.4 
1958 1.3 2.4 2.2 2.0 1.8 
1959 0.7 0.4 1.1 2.2 0.4 
1960 2.7 1.2 1.3 1.2 0.4 
1961 0.4 0.4 0.9 3.1 0.9 
1962 2.6 0.9 1.4 2.6 1.6 
1963 0.0 1.3 0.4 0.5 2.1 
1964 0.5 2.4 2.7 1.0 1.4 
1965 0.5 1.3 1.2 1.3 2.5 
1966 0.5 1.4 0.5 2.6 2.0 
1967 3.0 1.3 1.8 3.2 3.0 
1968 1.4 1.7 2.5 0.9 0.4 
1969 1.7 3.1 1.7 1.8 2.3 
1970 1.8 1.8 2.7 2.3 0.8 
1971 2.8 0.9 0.9 1.2 2.2 
1972 0.9 1.7 0.5 1.6 0.4 
1973 2.8 0.9 1.2 1.2 2.0 
1974 0.5 2.0 0.8 2.6 0.8 
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Mortality % up to 20 weeks (trait 5), by year and line. 
Year Line 
H F C S L 
1952 - - 19.5 - - 
1953 - - 12.7 - - 
1954 - - 26.7 - - 
1955 - - 26.5 - - 
1956 15.4 18.9 11.8 16.4 15.2 
1957 10.3 10.3 10.3 13.5 12.6 
1958 12.5 17.5 12.8 15.6 14.9 
1959 7.5 6.9 4.5 7.0 9.1 
1960 18.2 12.2 17.0 15.8 14.6 
1961 15.4 11.0 13.1 15.1 14.8 
1962 11.2 12.3 15.5 16.5 11.9 
1963 15.7 19.4 15.5 17.4 20.7 
1964 22.3 18.6 22.6 19.8 19.2 
1965 11.4 19.7 13.1 11.3 14.3 
1966 17.7 16.9 16.6 20.4 26.0 
1967 23.9 22.7 17.6 22.8 21.7 
1968 24.5 23.9 18.7 24.0 17.4 
1969 16.1 23.8 17.2 20.8 21.2 
1970 9.4 19.2 14.7 15.8 11.1 
1971 12.4 11.5 8.5 13.2 10.6 
1972 11.8 12.1 10.8 10.0 11.3 
1973 12.0 12.2 9.9 15.8 7.6 
1974 9.4 9.1 11.7 12.7 7.5 
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Table 4.1.7. 
Analysis of variance of birthweight (kg), including effects 
of selection for medullation and cannon. 
Source D.f. Mean square F - ratio 
Years 22 35.2706 56.340 
Medullation 1 0.0062 0.010 n.s.s. 
Cannon 1 122.9009 196.316 
Lines/years 74 0.6260 1.235 
Sires/lines 1022 0.5069 1.560 
1c 
Dam age 4 292.2075 901.400 
Litter size 1 2394.9040 7370.500 
' 
Dams/sires 20870 0.3249 2.466 
Sex 1 17.3531 131.720 
Residual 1807 0.1317 
Regression of birthweight on medullation -0.000074 kg/year 
Regression of birthweight on cannon 	0.010321 kg/year 
Sire variance component 	 0.008182 k9  
Dam variance component 	 0.179012 kg?-  
Residual variance component 	 0.131747 kgt 
Sire heritability (h) 	 0.102 ± 0.013 
Maternal effect (h) 	 0.536 ± 0.014 
where h = 4o- /(a- + o + ° c) 
hL=(o_)/(O+Y+O) 
n.s.s. = not statistically significant 
* 	= significant at 5% 
**= significant at 1% 
= significant at 0.1% 
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lines of 0.39kg. The average difference between the two cannon lines, 
S & L, for the last 4 years, 1971 to 1974, was 0.29kg., about 5%. 
There were highly significant 	sire 	and 	dam 	effects 	on 
birthweight; 	the sire half-sib 	heritability 	estimate 	was 
approximately 10% and the maternal effect, ( 	- 	)/a', was 54%. 
If birthweight is considered as being part of the response due to 
the selection then it should not be fitted as a covariate in the 
analysis of lamb mortality. However, if birthweight is considered as 
a nuisance parameter of no direct interest in the genetic analysis 
then it may be fitted to examine changes in mortality which are 
independent of birthweight changes. Thus because birthweight was 
significantly affected by the cannon selection the data have been 
analysed both including and excluding birthweight. Since hirthweight 
has been shown by other workers to have a curvilinear effect upon lamb 
survival it was included as both a linear and a quadratic regression 
covariate. 
The data for single-born and twin-born lambs have been analysed 
separately and the nested analyses of variance are given in Appendix 
1. For the analysis of single-born lamb data dams were ignored, as 
they were confounded with progeny. Thus the analysis was a four level 
nested analysis of years, lines within years, sires within lines, and 
progeny within sires, Tables 1 to 10 in Appendix I. There were 
approximately 20000 single-born lambs used in the analysis. 
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When excluding birthweight there were significant effects of dam 
age and sex for all five traits, the effects being large for deaths up 
to a fortnight of age. Inclusion of birthweight reduced the effect of 
dam age and increased the sex effect. The effects of sires were 
similar both including and excluding birthweight, significant for 
deaths up to a fortnight and non-significant thereafter, but still 
significant for overall lamb mortality. There was a small effect of 
the regression on medullation selection for mortality between a 
fortnight and eight weeks (trait 3), and a slightly larger effect of 
the regression on cannon selection for mortality up to and at birth 
(trait 1). When ignoring birthweight this was carried over to give a 
small, but significant effect on overall iamb mortality, but adjusting 
for birthweight there was no effect on selection for either factor. 
The analyses of twin-born iamb data are given in Tables 11 to 20 
in Appendix 1. There were about 3600 twin lambs over the 23 years of 
this experiment compared with the 20000 single-born lambs. Excluding 
birthweight, there was no effect of sex, but when including 
birthweight there was a small effect on deaths between birth and a 
fortnight (trait 2), between 8 and 20 weeks (trait 4), and a highly 
significant effect on overall iamb mortlaity (trait 5). As with 
single-born lambs there were significant effects of dam age on early 
deaths up to a fortnight (traits 1 and 2) and overall deaths (trait 
5), these effects being reduced when including birthweight. There 
were significant effects of sires and dams for all five traits, both 
being little changed when including or excluding birthweight. The 
maternal effect (o- - a.,x )/orl was large (32%) for deaths up to birth, 
but much smaller for the other traits, less than 10%. 
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There was no effect of the regression on medullation selection 
and a significant effect of the regression on cannon selection for 
deaths up to and at birth (trait 1). When including birthweight there 
was no effect of the regression due to cannon selection. The effects 
of the selection were very similar for both single and twin-born 
lambs. 
The estimates of sire heritability are shown in Table 4.1.8 for 
singles, twins and the two combined, including and excluding 
birthweight. The estimates are similar when including and excluding 
birthweight, but are much higher for twins. However, the incidences 
of mortality are different for the two litter sizes. The estimates 
adjusted for the frequency are also given and show that even after 
adjustment the heritability estimates for twins exceed those for 
singles. These differences, between the estimates for singles and for 
twins, are only just statistically significantly different; but the 
differences are all consistent in direction, implying that there is 
some consistent effect. Thus there appears to be a greater 
heritability, for mortality, in twins than in singles, a litter size 
by sire genetic interaction!. Whether this is a real genetic effect 
or a consequence of a statistical model which does not correctly 
represent the real situation is not apparent. As will be discussed in 
Chapter 7 the analysis of variance model used has several theoretical 
disadvantages and pratical compromises necessary to analyse such a 
large, sparse data set, thus these may have lead to spurious results 
for the singles analyses. 
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Table 4.1.8 
Heritability %, Unadjusted & Adjusted for the frequency. 
Percent heritability 	Excludingbirthweight 
Singles Twins Combined 
Trait Un Adj Un Adj Un Adj 
1 2.3 12.5 21.4 86.9 3.5 17.8 
2 2.4 10.0 29.9 97.2 2.5 9.8 
3 -1.3 -6.4 21.1 101.1 0.3 1.7 
4 -0.3 -3.3 5.6 41.2 1.7 17.1 
5 1.9 4.4 27.4 54.5 2.9 6.6 
Percent heritability 	Including birthweight 
Singles Twins Combined 
Trait Un Adj Un Adj Un Adj 
1 2.4 13.1 19.2 80.0 3.3 17.2 
2 2.8 11.6 30.2 98.2 2.8 10.8 
3 -1.3 -6.3 21.0 100.6 0.3 1.7 
4 -0.4 -4.4 6.1 44.9 1.7 17.0 
5 2.1 4.9 25.8 51.3 3.0 6.9 
The selection pressures for medullation and cannon have been 
considered as being equal and opposite for the two directions of 
selection, and increasing equally over years. Thus the above model 
(excluding and including birthweight) has examined changes in lamb 
mortality poroportional to the selection pressures and linear with 
them. Alternatively, it is possible that the flock of Scottish 
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Table 4. 1.9 
Reduction in mortality due to selection, excluding birthweight. 
Trait 	Source D.f. Mean Square F 	 b 
1 	Years 22 0.092012 1.412 
Medullation 1 0.006300 0.097 	-0.000129 
Cannon 1 0.168483 2.585 	-0.000666 
Lines/yrs 74 0.065181 1.440 
2 	Years 22 1.318510 24.017 
Medullation 1 0.000819 0.015 -0.000047 
Cannon 1 0.007343 0.134 -0.000139 
Lines/yrs 74 0.054901 0.899 
3 	Years 22 0.318225 7.019 
Medullation 1 0.168035 3.706 -0.000668 
Cannon 1 0.000007 0.000 0.000004 
Lines/yrs 74 0.045340 1.092 
4 	Years 22 0.030334 1.897 
Medullation 1 0.007467 0.467 -0.000141 
Cannon 1 0.021871 1.368 -0.000240 
Lines/yrs 74 0.015989 0.996 
5 	Years 22 2.683588 14.834 
Medullation 1 0.365200 2.019 	-0.000985 
Cannon 1 0.411475 2.274 	-0.001041 
Lines/yrs 74 0.180913 1.246 
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Table 4.1.10 
Reduction in mortality due to selection, including birthweight. 
Trait 	Source D.f. Mean Square F 	 b 
1 	Years 22 0.082441 1.333 
Medullation 1 0.032778 0.530 	-0.000295 
Cannon 1 0.164513 2.661 	-0.000658 
Lines/yrs 74 0.061824 1.425 
2 	Years 22 0.695983 13.248 
NedullatiOfl 1 0.036399 0.693 -0.000311 
Cannon 1 0.014398 0.274 -0.000195 
Lines/yrs 74 0.052533 0.887 
3 	Years 22 0.270177 5.901 
Medullation 1 0.190915 4.170 -0.000712 
Cannon 1 0.000056 0.001 -0.000012 
Lines/yrs 74 0.045785 1.104 
4 	Years 22 0.030068 1.899 
Medullation 1 0.008830 0.558 -0.000153 
Cannon 1 0.022762 1.437 -0.000245 
Lines/yrs 74 0.015835 0.987 
5 	Years 22 1.252216 7.759 
Medullation 1 0.814932 5.049 -0.001471 
Cannon 1 0.467797 2.899 -0.001110 
Lines/yrs 74 0.161389 1.182 
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Blackface was at an optimum for fitness and that selection, in any 
direction, would be deleterious. Thus the data were also analysed, 
but considering the selection pressure (in either direction) to be 
deleterious. Therefore after five years of selection for medullation 
both up and down lines would have had -5 units of selection for 
reduction in mortality due to medullation and 0 units of selection for 
reduction in mortality due to cannon selection. 
The data for single and for twins were combined and the effects 
of the selection for medullation and for cannon are shown in Tables 
4.1.9 and 4.1.10. Singles and twins were combined because their 
effects were very similar. Only the analyses of lines within years 
and above are given, because since selection effects only appeared at 
the level of between lines within years the analyses below lines were 
unaltered. Thus the estimates of heritability, and other effects 
would be unaltered. When excluding birthweight there was no effect of 
the regression for either factor on lamb mortality. Inclusion of 
birthweight however, gave significant regressions for traits 3 and 5, 
deaths from a fortnight to eight weeks, and overall lamb mortality 
respectively. Both including and excluding birthweight the regression 
coefficients were all consistently negative, implying that the 
selection per se had increased mortality, although not significantly 
so, except as descibed above. 
The analyses of variance effects for covariates were similar for 
singles and twins, the effects of dam age being reduced when including 
birthweight in the analyses and the effects of sex being increased. 
Selection effects were also consistent for the two litter sizes, but 
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the effect of sires was much greater for twin-born lambs. 
4.2 Results from maximum likelihood analysis. 
A detailed description of the maximum likelihood analysis is 
given in Chapter 3. Initially the analysis was of sire means, to 
allow the estimation of the overall effects of years, lines and 
selection for medullation index and for cannon bone length. 
Total deviances for fitting each model are shown in Table 4.2.1, 
for the five mortality traits, and the marginal deviances of each term 
are given in Table 4.2.2. These marginal deviances represent the 
effect of the factor, as measured by the difference between fitting 
the appropriate maximum model (years*lines or years+lines+med+can) and 
the same model, but excluding the factor being considered. Thus 
because the data are not balanced and orthogonal the sum of the 
marginal deviances will not be equal to the total reduction in 
deviance between fitting just an overall mean and fitting the 
appropriate maximum model. The first column of level of significance 
is given from comparing the deviance (assumed to be asymptotically 
Xt ) with the degrees of freedom; the second is from the F - ratio 
statistic, the ratio of the mean deviance to the appropriate residual 
mean deviance. Years*lines interactions have been tested against the 
within years*lines residual mean deviance (equivalent to the mean 
deviance between sires). The marginal effects of years, lines and the 
regressions on medullation and cannon have been tested against the 
mean deviance for years + lines + medullation + cannon. 
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Analysis of Total Deviance for Lamb Mortality. 
Total deviances 
Model D.f. Trait 1 Trait 2 Trait 3 
Overall mean 1120 1410.51 1673.13 1363.92 
Year 1098 1358.79 1260.22 1219.44 
Year + line 1094 1332.02 1258.96 1203.24 
Year * line 1022 1228.85 1183.55 1127.74 
Year + line + med + can 1092 1331.67 1255.88 1200.50 
Year + line + med 1093 1331.85 1255.88 1200.74 
Year + line + can 1093 1331.83 1258.93 1202.99 
Year + med + can 1096 1341.99 1259.41 1207.76 
Line + med + can 1114 1383.25 1604.83 1344.70 
Total deviances 
Model D.f. Trait 4 Trait 5 
Overall mean 1120 988.862 1682.14 
Year 1098 942.108 1314.81 
Year + line 1094 934.222 1303.14 
Year * line 1022 860.606 1207.27 
Year + line + med + can 1092 932.042 1301.81 
Year + line + med 1093 933.854 1302.78 
Year + line + can 1093 932.415 1302.17 
Year + med + can 1096 940.546 1305.97 
Line + med + can 1114 974.330 1655.29 
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Table 4.2.2 
Analysis of deviance, marginal effects of Table 4.2.1. 
Trait 1 Marginal Mean F test 
Term D.f. Deviance Signif. Dev. F Signif. 
Years 22 51.58 2.345 1.924 ** 
Lines 4 10.32 * 2.580 2.116 n.s. 
Medullation 1 0.16 n.s. 0.160 0.131 n.s. 
Cannon 1 0.18 n.s. 0.180 0.123 n.s. 
Yr+ln+med+can 1092 1331.67 1.219 
Yr*ln 72 103.17 	** 1.433 	1.192 n.s. 
Within yrs*lns 1022 1228.85 	**C 1.202 
Trait 2 Marginal Mean F test 
Term D.f. Dev. Signif. M.Dev. F Signif. 
Years 22 348.95 15.861 13.792 *** 
Lines 4 3.53 n.s. 0.883 0.768 n.s. 
Medullation 1 3.05 n.s. 3.050 2.652 n.s. 
Cannon 1 0.00 n.s. 0.000 0.000 n.s. 
Yr+ln+med+can 1092 1255.88 1.150 
Yr*ln 72 75.41 n.s. 1.047 0.904 n.s. 
Within yrs*lns 1022 1183.55 *** 1.158 
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Table 4.2.2 (cont.) 
Trait 3 Marginal Mean F test 
Term D.f. Dev. Signif. M.Dev. F Signif. 
Years 22 144.20 ** 6.555 5.975 
Lines 4 7.26 n.s. 1.815 1.655 n.s. 
Medullation 1 2.49 n.s. 2.490 2.270 n.s. 
Cannon 1 0.24 n.s. 0.240 0.219 n.s. 
Yr+ln+med+can 1092 1200.50 * 1.097 
Yr*ln 72 75.50 n.s. 1.049 0.950 n.s. 
Within yrs*lns 1022 1127.74 * 1.103 
Trait 4 Marginal Mean F test 
Term D.f. Dev. Signif. M.Dev. F Signif. 
Years 22 42.288 ** 1.922 2.251 
Lines 4. 8.504 n.s. 2.126 2.489 * 
Medullation 1 0.373 n.s. 0.373 0.437 n.s. 
Cannon 1 1.812 n.s. 1.812 2.122 n.s. 
Yr+ln+med+can 1092 932.042 n.s. 0.854 
Yr*ln 72 73.616 n.s. 1.022 1.121 n.s. 
Within yrs*lns 1022 860.606 n.s. 0.842 
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Table 4.2.2 (cont.) 
Trait 5 Marginal Mean 
Term D.f. Dev. Signif. M.Dev. 
Years 22 353.48 *** 16.067 
Lines 4 4.16 n.s. 1.040 
Medullation 1 0.36 n.s. 0.360 
Cannon 1 0.97 n.s. 0.970 
Yr+ln+med+can 1092 1301.81 *** 1.192 
Yr*ln 72 95.87 * 1.332 









Selection, in this analysis, for medullation index and for cannon 
length, had no significant effect for either trait for any of the 
traits under either of the methods of considering the significance. 
There were significant effects of years for all five categories 
(traits), and the deviance between sires (within years*lines) was 
significant for traits 1, 2, 3 and 5, but not for trait 4. 	when 
considered as a 	statistic the leviance for lines was significant 
for trait 1, and non-significant for the other traits. However, when 
examined as a F - ratio test against the residual mean deviance, lines 
were only significant for trait 4. Overall there was no significant 
effect of lines for either method of comparison. 
An analysis of the individual lamb records was also carried out 
to examine the effects within and between sire groups. For this 
analysis the data consisted of individual lamb records, with 
information on the sire's identity, the age of the dam, the sex, the 
litter size and the birthweight of the lamb. The marginal deviances 
for sires under two different models, including and excluding the 
covariate effects, for trait 5, overall deaths up to 20 weeks, are 
given in Table 4.2.3. The tables of the marginal deviances for sires 
for the other traits are given in Appendix 2. The deviances show 
considerable variation from year to year. 
Model 1 = (Lines) - (Lines + sires within lines) 
Model 2 = (Lines + dam age + sex + litter size + birthweight) - 




Marginal deviances for sires under two models, for trait 5. 
Model 
Year D.f. 1 2 
1952 
1953 49 74.290 " • 	73.427 * 
1954 
1955 62 80.419 n.s. 84.440 * 
1956 54 55.976 n.s. 62.152 n.s. 
1957 51 59.606 n.s. 57.854 n.s. 
1958 48 70.433 n.s. 77.617 * 
1959 48 57.487 n.s. 62.031 n.s. 
1960 46 41.740 n.s. 42.271 n.s. 
1961 48 43.547 n.s. 45.588 n.s. 
1962 46 43.139 n.s. 50.643 n.s. 
1963 48 47.252 n.s. 52.893 n.s. 
1964 49 87.936 * 98.672 *** 
1965 48 62.114 n.s. 60.953 n.s. 
1966 50 50.187 n.s. 54.542 n.s. 
1967 47 59.470 n.s. 56.440 n.s. 
1968 49 41.620 n.s. 45.800 n.s. 
1969 46 51.290 n.s. 54.910 n.s. 
1970 45 53.585 n.s. 52.675 n.s. 
1971 48 62.943 n.s. 61.913 n.s. 
1972 46 44.054 n.s. 39.754 n.s. 
1973 46 47.508 n.s. 52.100 n.s. 
1974 48 71.882 * 81.740 * 




Estimates of heritability, from the analysis of deviance. 
Model 
Year 1 2 
1952-54 0.0951 0.0918 
1955 0.0916 0.1116 
1956 0.0072 0.0298 
1957 0.0072 0.0298 
1958 0.0746 0.0985 
1959 0.0281 0.0416 
1960 -0.0144 -0.0126 
1961 -0.0155 -0.0084 
1962 -0.0099 0.0161 
1963 -0.0027 0.0176 
1964 0.1511 0.1927 
1965 0.0480 0.0441 
1966 0.0007 0.0182 
1967 0.0434 0.0329 
1968 -0.0257 -0.0111 
1969 0.0179 0.0302 
1970 0.0300 0.0269 
1971 0.0560 0.0521 
1972 -0.0068 -0.0217 
1973 0.0049 0.0200 
1974 0.0772 0.1091 
Overall 0.0310 0.0401 
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Analysis of deviance of various within sire effects. 
Total deviances 
Model D.f. Trait 1 Trait 2 Trait 3 
Year+da+sex+bt+bwt 1433 1434.35 1347.32 1251.54 
Year+da+sex+bt 1436 1608.45 1803.17 1287.56 
Year+da+sex+bwt 1434 1442.67 1349.51 1252.02 
Year+da+bt+bwt 1434 1449.01 1366.19 1259.81 
Year+sex+bt+bwt 1437 1498.04 1487.24 1290.59 
Total deviances 
Model D.f. Trait 4 Trait 5 
Year+da+sex+bt+bwt 1433 917.789 1696.22 
Year+da+sex+bt 1436 929.976 2288.14 
Year+da+sex+bwt 1434 925.680 1708.83 
Year+da+bt+bwt 1434 926.523 1754.74 
Year+sex+bt+bwt 1437 921.305 1951.51 
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Analysis of deviance, marginal effects of Table 4.2.5 
Marginal deviance for trait 
Term 	D.f. 	1 	 2 	 3 
Dam age 	4 	63.69 	 139.92 	 39.05 
Sex 	1 	14.66 	 18.87 	 8.27 	
** 
Bt 	 1 	8.32 	** 	2.19 	n.s.s. 	0.48 	n.s.s. 
Bwt 	3 174.10 	 455.85 	 36.02 	
** 
Term 	D.f. 	4 	 5 
Dam age 	4 	3.516 	n.s.s. 255.29 
Sex 	1 	8.734 	** 	58.52 
Bt 	 1 	7.891 	** 	12.61 
Bwt 	3 12.187 	** 	591.92 
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Whilst the deviances within each 	year 	were 	almost 	all 	not 
statistically significant, there were significant overall effects of 
sires for traits 1, 2, 3 and 5 under both models. The overall effect 
of sires for trait 4 was not significant, however, the incidence of 
lamb mortality in this category was only about 1.5%. 	Since the 
deviances are only asymptotically 	the overall deviance may be low 
partly because of the low incidence of the trait. 	The two models 
differ in that model 2 has the effects of such factors as dam age 
sex, litter size included in the model, thus reducing the total 
deviance statistics. However, the overall differences due to sires 
show much less difference. The sire deviances under model 2 are 
higher for traits 2, 3 & 5 and lower for trait 1. The estimates of 
heritability derived from the deviance statistics are shown in Table 
4.2.4 for trait 5, for the two models fitted, see Appendix 2 for the 
estimates of heritability for the other traits. The estimates of 
heritability were all low, between 1.5% and 4.0%, the highest value 
being for trait 5 for the heritability after adjusting for the various 
covariate effects. - 
The overall deviances for the effects of dam age, sex, litter 
size and birthweight are shown in Table 4.2.5, and the marginal 
effects and significance of the individual factors are shown in Table 
4.2.6. Data were grouped, within years, by dam age, sex, litter size 
and birthweight subclass, with n births and r deaths per subclass. 
Litter size was not significant for traits 2 and 3, and dam age had no 
effect for trait 4, otherwise the factors all had large effects. 
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Chapter 5 	Results from analysis of Rhydyglafes data. 
The numbers of lambs born in each of the years and lines are 
shown in Table 5.1.1 There were approximately 200 lambs born in each 
of the birthcoat selection lines, and varying numbers in the other 
lines. The frequencies of deaths for the traits 1 to 5 for the 
various lines for each year are shown in Tables 5.1.2 to 5.1.6. 
5.1 Results from analysis of variance. 
An analysis of variance of the effects on birthweight was carried 
out using a nested model with, years, lines within years, sires within 
lines, dams within sires, and progeny within darns, similar to that on 
the Stanhope data. Covariate adjustment was made for the effects of 
age of dam, litter size and sex as well as the regressions on the 
cumulative selection differentials for birthcoat selection and for 
Mountain type and Pedigree type Welsh Mountain. The effects of the 
selection, for birthcoat type and for Mountain type and Pedigree 
type Welsh Mountain, upon birthweight are given, together with the 
effects of the other factors, in Table 5.1.7. There was no 
statistically significant effect of the regression on cumulative 
selection, for birthcoat type, or for'Mountain' type, or for 
Pedigree type. Both sires and dams had highly significant effects 
upon birthweight, as expected; the sire heritability (4a/ci) was 
approximately 19% and the maternal effectad  was about 38%. 
Dam age, litter size, and sex all had highly statistically significant 
effects upon birthweight. 
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Table 5.1.1 Number of births by year and line. 
Year 	 Line 
H F M P 
1953 107 100 95 78 
1954 204 207 116 85 
1955 200 195 96 100 
1956 186 195 107 76 
1957 222 228 85 89 
1958 212 216 71 90 
1959 193 208 55 46 
1960 170 201 - - 
1961 190 214 - - 
1962 222 195 - - 
1963 193 160 - - 
1964 197 179 - - 
1965 191 192 - - 
1966 243 238 - - 
1967 218 204 - - 
1968 224 200 - - 
1969 228 232 - - 
1970 236 230 - - 
1971 236 248 - - 
1972 133 111 - - 
1973 189 191 - - 
1974 257 247 - - 
1975 96 78 - - 
Line 
H = hairy birthcoat 
F = fine birthcoat 
M = Mountain type 
P = Pedigree type 
CR1 = 2o * 1 
CR2 = W1 * 2 
BC1 = 1cf * 5 
BC2 = 2d * 
BC3 = lcF 	6 . 
BC4 = 2c * 6 
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Table 5.1.1 	(cont.) 
Year CR1 CR2 
1960 - - 
1961 - - 
1962 - - 
1963 - - 
1964 - - 
1965 - - 
1966 - - 
1967 - - 
1972 135 111 
1973 121 107 
1973 121 107 
1974 - - 
1975 97 86 
BC1 	BC2 BC3 	BC4 
- 	 147 - 	 117 
- 	 180 - 	 - 
- 	221 - 	 - 
- 	 132 - 	 - 
- 	181 - 	 - 
- 	 165 - 	 - 
- 	 218 - 	 - 
- 	 87 - 	 - 
23 	.22 23 	25 
44 	47 43 	43 
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Table 5. 1.2 
Mortality % up to and at birth, by year and line, for trait 1. 
Year Line 
H F M P 
1953 - - 2.11 2.56 
1954 0.49 1.45 0.86 2.35 
1955 2.00 - - 5.00 
1956 2.68 2.05 1.87 5.26 
1957 1.80 3.07 7.06 5.62 
1958 4.72 2.31 4.43 3.33 
1959 1.55 1.44 - 8.70 
1960 0.59 3.48 - - 
1961 2.11 2.34 - - 
1962 3.60 4.10 - - 
1963 3.63 0.63 - - 
1964 2.03 0.56 - - 
1965 2.09 1.56 - - 
1966 1.65 2.52 - - 
1967 3.21 0.98 - - 
1968 0.89 - - - 
1969 4.39 0.43 - - 
1970 2.54 1.74 - - 
1971 3.81 3.63 - - 
1972 - 3.60 - - 
1973 3.70 1.57 - - 
1974 - 0.40 - - 
1975 3.13 2.56 - - 
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Table 5.1.2 	(cont.) 
Year CR1 	CR2 
1960 - 	 - 
1961 - 	 - 
1962 - 	 - 
1963 - 	 - 
1964 - 	 - 
1965 - 	 - 
1966 - 	 - 
1967 - 	 - 
1972 2.22 	0.90 
1973 1.65 	- 
1974 - 	 - 
1975 1.03 	2.33 
BC1 	BC2 	BC3 	BC4 
- 	2.04 	- 	2.56 
3.33 	- 	- 	- 
- 	0.45 	- 	- 
- 	0.76 	- 	- 
- 	3.87 	- 	- 
- 	4.85 	- 	- 
- 	2.75 	- 	- 
- 	5.75 	- 	- 
2.27 	- 	2.33 	.0233 
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Table 5. 1.3 
Mortality % from birth to 2 weeks, by year and line, for trait 2. 
Year Line 
H F M P 
1953 1.87 1.00 4.21 5.13 
1954 4.90 3.38 5.17 4.71 
1955 4.50 6.15 3.13 5.00 
1956 8.06 7.18 4.67 5.26 
1957 1.80 3.07 4.71 4.49 
1958 1.42 5.56 5.63 5.56 
1959 3.63 5.77 5.45 13.04 
1960 2.94 7.46 - - 
1961 4.74 10.28 - - 
1962 11.26 18.97 - - 
1963 6.22 7.50 - - 
1964 3.55 8.38 - - 
1965 3.14 8.33 - - 
1966 2.47 21.01 - - 
1967 2.29 8.82 - - 
1968 3.57 15.00 - - 
1969 6.14 12.07 - - 
1970 5.08 25.22 - - 
1971 3.39 8.87 - - 
1972 6.02 16.22 - - 
1973 4.76 26.70 - - 
1974 1.17 4.86 - - 
1975 - 10.26 - - 
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Table 5.1.3 	(cont.) 
Year CR1 	CR2 	BC1 BC2 	BC3 	BC4 
1960 - 	 - 	 - 2.72 	- 	2.56 
1961 - 	 - 	 - 2.22 	- 	- 
1962 - 	 - 	 - 22.22 	- 	- 
1963 - 	 - 	 - 11.36 	- 	- 
1964 - 	 - 	 - 4.97 	- 	- 
1965 - 	 - 	 - 7.88 	- 	- 
1966 - 	 - 	 - 8.26 	- 	- 
1967 - 	 - 	 - 5.75 	- 	- 
1972 6.67 	5.41 	- - 	 - 	 - 
1973 4.13 	3.74 	- - 	 - 	 - 
1974 - 	 - 	 - - 	 - 	 - 
1975 3.09 	9.30 	- - 	 - 	 - 
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Table 5. 1.4 
Mortality % from 2 weeks to  weeks, by year and line, for trait 3. 
Year Line 
H F M P 
1953 7.48 4.00 6.32 2.56 
1954 0.98 2.90 8.62 4.71 
1955 2.50 1.54 7.29 6.00 
1956 3.23 3.08 3.74 3.95 
1957 2.70 4.39 3.53 6.74 
1958 1.42 0.46 1.41 1.11 
1959 0.52 0.96 7.27 4.35 
1960 1.76 0.50 - - 
1961 5.26 3.27 - - 
1962 5.41 5.64 - - 
1963 2.59 3.75 - - 
1964 5.58 2.79 - - 
1965 1.57 1.56 - - 
1966 3.29 3.78 •- - 
1967 2.29 3.43 - - 
1968 0.45 3.00 - - 
1969 3.95 1.29 - - 
1970 1.69 1.30 - - 
1971 1.69 2.02 - - 
1972 2.26 0.90 - - 
1973 5.82 3.14 - - 
1974 1.17 1.21 - - 
1975 2.08 1.28 - - 
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Table 5.1.4 	(cont.) 
Year CR1 	CR2 	BC1 BC2 	BC3 	BC4 
1960 - 	 - 	 - 0.68 	- 	- 
1961 - 	 - 	 - 1.67 	- 	- 
1962 - 	 - 	 - 5.43 	- 	- 
1963 - 	 - 	 - 3.03 	- 	- 
1964 - 	 - 	 - 0.55 	- 	- 
1965 - 	 - 	 - 1.21 	- 	- 
1966 - 	 - 	 - 0.92 	- 	- 
1967 - 	 - 	 - 1.15 	- 	- 
1972 1.48 	2.70 	- - 	 - 	 - 
1973 - 	 0.93 	- - 	 - 	 - 
1974 - 	 - 	 - - 	 - 	 - 
1975 - 	 2.33 	- - 	 2.33 	2.33 
Page 108 
Table 5. 1.5 
Mortality % from 8 weeks to 20 weeks, by year and line, for trait 4. 
Year Line 
H F M 	P 
1953 1.87 1.00 2.11 	- 
1954 3.92 0.48 1.72 	- 
1955 1.00 2.05 4.167 	- 
1956 1.08 3.08 1.87 	1.32 
1957 2.25 1.75 1.18 	2.25 
1958 1.42 0.93 2.82 	- 
1959 2.07 0.96 - 	 - 
1960 2.35 - - 	 - 
1961 1.05 0.93 - 	 - 
1962 0.90 1.03 - 	 - 
1963 - - - 	 - 
1964 - 1.12 - 	 - 
1965 0.52 0.52 - 	 - 
1966 0.41 0.84 - 	 - 
1967 - 0.49 - 	 - 
1968 0.89 0.50 - 	 - 
1969 1.75 1.29 - 	 - 
1970 2.12 0.87 - 	 - 
1971 - 0.40 - 	 - 
1972 0.75 - - 	 - 
1973 1.06 - - 	 - 
1974 0.78 0.40 - 	 - 
1975 - - - 	 - 
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Table 5.1.5 (cont.) 
Year 	CR1 	CR2 	BC1 BC2 	BC3 	BC4 
1960 	- 	- 	 - 0.68 	- 	2.56 
1961 	- 	- 	 - 0.56 	- 	- 
1962 	- 	- 	 - 1.81 	- 	- 
1963 	- 	- 	 - 1.52 	- 	 - 
1964 	- 	- 	 - 0.55 	- 	 - 
1965 	- 	 - 	 - - 	 - 	 - 
1966 	- 	 - 	 - 0.84 	- 	 - 
1967 	- 	- 	 - 3.45 	- 	 - 
1972 	0.74 	0.90 	- - 	 - 	 - 
1973 	- 	- 	 - - 	 - 	 - 
1974 	- 	 - 	 - - 	 - 	 - 
1975 	- 	 - 	 - - 	 - 	 2.33 
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Table 5. 1.6 
Mortality % up to 20 weeks, by year and line, for trait 5. 
Year 	 Line 
H F M P 
1953 11.22 6.00 14.74 10.26 
1954 10.29 8.21 16.38 11.76 
1955 10.00 9.74 14.58 16.00 
1956 15.05 15.38 12.15 15.79 
1957 8.56 12.28 16.47 19.10 
1958 8.96 9.26 14.08 10.00 
1959 7.77 9.13 12.73 26.09 
1960 7.65 11.44 - - 
1961 13.16 16.82 - - 
1962 21.17 29.74 - - 
1963 12.44 11.88 - - 
1964 11.70 12.85 - - 
1965 7.33 11.98 - - 
1966 7.82 28.15 - - 
1967 7.80 13.73 - - 
1968 5.80 18.50 - - 
1969 16.23 15.09 - - 
1970 11.44 29.13 - - 
1971 8.90 14.92 - - 
1972 9.02 20.72 - - 
1973 15.34 31.41 - - 
1974 3.11 6.88 - - 
1975 5.21 4.10 - - 
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Table 5.1.6 	(cont.) 
Year CR1 	CR2 BC1 	BC2 	BC3 	BC4 
1960 - 	 - - 	 6.12 	- 	7.69 
1961 - 	 - - 	 7.78 	- 	- 
1962 - - 	 19.91 	- 	- 
1963 - 	 - - 	 16.67 	- 	- 
1964 - 	 - - 	 9.94 	- 	- 
1965 - 	 - - 	 13.94 	- 	- 
1966 - 	 - - 	 13.30 	- 	- 
1967 - 	 - - 	 16.09 	- 	- 
1972 11.11 	9.91 - 	 - 	 - 	 - 
1973 5.79 	4.67 - 	 - 	 - 	 - 
1974 - 	 - - 	 - 	 - 	 - 
1975 5.15 	13.95 2.27 	- 	4.65 	6.97 
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Analysis of variance of birthweight (kg), including the effects 
of selection for birthcoat type (Bc. sel.), Mountain 
and Pedigree type. 
Source D.f. Mean square F - ratio 
Years 22 20.3913 13.692 
Bc. 	sel. 1 0.2059 0.138 n.s.s. 
Lines/years 59 1.4893 3.499 
Sires/lines 489 0.4257 2.012 
Dam age 4 41.9374 198.178 
Litter size 1 1199.4890 5668.288 
Mountain 1 0.0398 0.188 n.s.s. 
Pedigree 1 0.0390 0.184 n.s.s. 
Dams/sires 9761 0.2116 1.955 
Sex 1 18.1686 167.843 
Residual 2214 0.1082 
Regression of birthweight on Be. sel. 
Regression of birthweight on Mountain 













0.1857 ± 0.0238 
0.3750 ± 0.0159 
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At Stanhope the selection for cannon bone length significantly altered 
birthweights, and therefore the data was analysed, both including and 
excluding birthweight. Similarly, at Rhydyglafes the selection for 
birthcoat type caused a change in birthcoat type, from an initial 
score of approximately 5.2, to a score of about 6.9 in the hairy line, 
and to about 2.8 in the fine line. This change is a result of the 
selection and thus if birthcoat type is considered as being part of 
the response due to selection then it should not be included as a 
covariate in the analysis. However, if changes independent of 
birthcoat changes are considered then it may be sensible to adjust for 
the effects of birthcoat changes. Purser and Karam (1967) found that 
intermediate birthcoat type lambs had the lowest mortality rates, thus 
birthcoat type was fitted, like birthweight, as both linear and 
quadratic regression covariates. Thus two analyses were carried out; 
the first excluding birthcoat type and birthweight, and the second 
including birthcoat type and birthweight. Data for single and twin 
lambs were analysed separately; the analyses of variance for single 
born lambs are given in Appendix 3, Tables 1 to 10, and the analyses 
of variance for twin born lambs are given in Appendix 3, Tables 11 to 
21. 
For all the analyses of single born lamb data, the effects of 
sires were non-significant, in fact the mean square for sires was in 
all cases less than the mean square for error. When ignoring 
birthweight and birthcoat sex had a highly significant effect for 
deaths up to and at birth (trait 1) and a smaller effect for deaths 
between a fortnight and eight weeks (trait 3), but no overall effect, 
after adjusting for birthweight and birthcoat there was a larger 
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effect of sex, particaularly for trait 2. Similarly, the effect of 
dam age was altered by the inclusion of birthweight and birthcoat. 
Excluding birthweight and birthcoat, there was a small effect of dam 
age for trait 1, and much larger effects on early deaths (trait 2) and 
overall, whereas with birthweight and birthcoat included there was no 
statistically significant effect of dam age for all five traits. 
There were highly significant regressions on birthweight and 
birthcoat for deaths up to a fortnight and for overall lamb deaths, 
but no effects after a fortnight of age. The significance of the 
regressions on selection for Mountain type and for Pedigree type were 
unaffected by the inclusion or exclusion of birthweight and birthcoat, 
only the effect of Pedigree selection on trait 3 was significant. 
Including birthweight and birthcoat reduced the effect of the 
regression on birthcoat selection, which was initially highly 
significant for deaths between birth and a fortnight (trait 2), and 
overall. After adjustment, birthcoat selection had a smaller effect 
on trait 2 and no overall effect. 
When the data for twin lambs were analysed there were significant 
effects of dams for all five traits, and significant sire effects for 
mortality up to eight weeks (traits 1, 2 & 3), and for overall lamb 
mortality (trait 5). For deaths between 8 and 20 weeks only the 
effects of years and dams were significant, inclusive or exclusive of 
birthweight and birthcoat type. 
The estimates of sire heritability are shown in Table 5.1.8 for 
singles, twins and 	the two combined, 	including and 	excluding 
birthweight and birthcoat type. The 	estimates 	were similar 	when 
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Heritability %, Unadjusted' & Adjusted for the frequency. 
%hZ Excluding birthweight and birthcoat type 
Singles Twins Combined 
Trait Un Adj Un Adj Un Adj 
1 -5.6 -41.6 12.7 107.9 -3.5 -19.6 
2 -1.3 -5.8 11.4 32.8 3.4 14.3 
3 -7.2 -51.3 3.2 21.2 -2.8 -14.0 
4 -7.4 -96.0 4.1 57.7 -3.7 -44.0 
5 -4.5 -12.7 12.3 28.0 0.1. 0.3 
%h 	Including birthweight and birthcoat type 
Singles TWIrLS Combined 
Trait Un Adj Un Adj Un Adj 
1 -5.6 -41.5 13.7 117.8 -3.4 -19.0 
2 -1.1 -4.7 7.4 21.2 3.1 13.0 
3 -7.1 -50.7 3.5 23.0 -2.6 -13.0 
4 -7.5 -96.6 4.6 64.5 -3.7 -44.4 
5 -3.8 -10.8 8.2 18.7 -0.1 -0.3 
including and excluding birthweight, but the estimates from the 
analysis of single-born lambs were consistently negative, whereas the 
estimates from the twin-born lambs were positive and significant. The 
estimates adjusted for the frequency of incidence are also given, and 
show that they are in the medium to high range; particularly for 
deaths up to and at birth (trait 1), the estimate exceeding 100%! 
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Ignoring birthweight and birthcoat type, the effect of sex was 
highly significant for deaths up to and at birth and non-significant 
thereafter. When birthweight was included in the model there was no 
effect of sex on trait 1, but a highly significant effect, of sex, on 
traits 2 and 5. As in the analysis of single born lamb data, the 
inclusion of birthweight and birthcoat type reduced the effect of dam 
age, from being significant for deaths between birth and eight weeks, 
to significant only for trait 3. Birthweight had significant effects 
on traits 1, 2 and 5, birthcoat type only having effects on traits 2 
and 5. 
For single-born lambs the inclusion of birthweight and birthcoat 
type had little effect on the significance of Mountain type or 
Pedigree type. Similarly, for twin lambs there was little change. 
Although Mountain type had no effect on any of the five traits, for 
either model, Pedigree had a highly significant effect for trait 1, 
under both models. 	This was not the same effect as for single-born 
lambs, for which Pedigree type affected only trait 3. 	Selection for 
birthcoat type had a large effect on trait 2, and a slightly smaller 
effect on trait 5. However, the inclusion of blrthweight and 
birthcoat type removed any effect of the birthcoat selection. 
5.2 Results from maximum likelihood analysis. 
As outlined in Chapter 3, a maximum likelihood analysis was also 
carried out, similar to that for the Stanhope data. Initially the 
analysis was of sire means, to allow the estimation of the overall 
effects of years, lines and selection for birthcoat type. 
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Total deviances for fitting each model are shown in Table 5.2.1, 
for the five categories of age at death, and the marginal deviances of 
each term are given in Table 5.2.2. The first column of level of 
significance is given from comparing the deviance (assumed to be 
asymptotically with the degrees of freedom; the second is from 
the F - ratio statistic, the ratio of the mean deviance to the 
appropriate residual mean deviance. Years*lines interactions have 
been tested against the within years*llnes residual mean deviance 
(equivalent to the mean deviance between sires). The marginal effects 
of years, lines and the regression on birthcoat selection have been 
tested against the mean deviance for years + lines + birthcoat 
selection. 
There were significant year effects for all five traits, although 
the effect of years on trait 4 was much less than on the other traits. 
In contrast to the Stanhope data, where the years*lines interactions 
were not statistically significant, there were significant years*lines 
interactions, for traits 1, 2 and 5. Selection for hirthcoat type had 
large effects on traits 2 and 5. 
An analysis of the individual lamb records was also carried out, 
in a similar manner to that for the Stanhope lamb data. Each lamb had 
the sire, dam age, sex, litter size, birthweight and birthcoat type 
recorded together with its death/survival, coded as 1 or 0 
respectively. The marginal deviances for sires for overall lamb 
mortality are shown in Table 5.2.3 and the estimates of heritability 
are given in Table 5.2.4. The tables of the marginal deviances and 
estimates of heritability for the other traits are given in c4 
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Analysis of Total Deviance for Lamb Mortality. 
Total deviances 
Model D.f. Trait 1 Trait 2 Trait 3 
Overall mean 570 584.916 1055.82 595.178 
Years 548 532.516 845.398 516.399 
Years+lines 539 515.524 657.239 483.150 
Years+lines+bc 538 515.131 622.572 482.801 
Years+bc 547 529.688 652.732 514.044 
Lines+bc 560 567.215 813.196 552.058 
Years*lines 488 428.015 546.705 425.175 
Total deviances 
Model D.f. Trait 4 Trait 5 
Overall mean 570 396.898 961.169 
Years 548 358.224 771.928 
Years+lines 539 344.029 661.398 
Years+lines+bc 538 344.021 634.324 
Years+bc 547 357.539 684.811 
Lines+bc 560 381.214 829.341 
Years*lines 488 285.451 533.539 
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Table 5.2.2 
Analysis of deviance, marginal effects of Table 5.2.1. 
Trait 1 	 Marginal 	 Mean 
Term D. f. Dev. Signif. Dev. F Signif. 
Years 22 52.084 *** 2.367 2.473 *** 
Lines 9 14.557 n.s.s. 1.617 1.689 n.s.s. 
Bc. 	sel. 1 0.393 n.s.s. 0.393 0.390 n.s.s. 
Yrs+lns+bc 538 515.131 n.s.s. 0.957 
Yrs*lns 51 87.519 *** 1.716 1.957 *** 











D.f. 	Dev. 	Signif. 
22 	190.624 	*** 
9 	30.160 	*** 
1 	34.667 	*** 
538 	622.572 	** 
51 	110.534 	*** 
488 	546.705 	* 
Mean 
Dev. F Signif. 
8.665 7.488 *** 
3.351 2.896 ** 
34.667 29.958 *** 
1.157 
2.167 1.935 *** 
1.120 
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Table 5.2.2. (cont.) 
Trait 3 Marginal 
Term D.f. Dcv. Signif. 
Years 22 69.257 
Lines 9 31.243 *** 
Bc. 	sel. 1 0.349 n.s.s. 
Yrs+lns+bc 538 482.801 n.s.s. 
Yrs*lns 51 57.975 n.s.s. 














Trait 4 Marginal 
Term D.f. Dcv. Signif. 
Years 22 37.193 * 
Lines 9 13.518 n.s.s. 
Bc. 	sd. 1 0.008 n.s.s. 
Yrs+lns+bc 538 344.021 n.s.s. 
Yrs*lns 51 58.578 n.s.s. 















Dev. F Signif. 
8.864 7.518 *** 
5.610 4.758 *** 
27.074 22.963 *** 
1.179 
2.507 2.293 *** 
1.093 
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Table 5.2.2. (cant.) 
Trait 5 Marginal 
Term D.f. Dev. Signif. 
Years 22 195.017 *** 
Lines 9 50.487 *** 
Bc. 	sel. 1 27.074 *** 
Yrs+lns+bc 538 634.324 ** 
Yrs*lns 51 127.859 *** 
Within yrs*lns 488 533.539 n.s.s. 
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Table 5.2.3. 	Trait 5. 
Marginal deviances for sires under two models. 
Model 
Years D. f. 1 2 
1953 10 22.430 * 18.776 .n.s.s. 
1954 22 23.342 n.s.s. 22.759 n.s.s. 
1955 18 15.471 n.s.s. 13.798 n.s.s. 
1956 21 25.776 n.s.s. 21.905 n.s.s. 
1957 22 16.009 n.s.s. 17.638 n.s.s. 
1958 19 11.960 n.s.s. 9.1260 n.s.s. 
1959 16 28.005 * 36.382 ** 
1960 21 20.544 n.s.s. 16.721 n.s.s. 
1961 20 24.084 n.s.s. 28.642 n.s.s. 
1962 20 28.997 n.s.s. 24.215 n.s.s. 
1963 18 17.404 n.s.s. 25.246 n.s.s. 
1964 21 19.564 n.s.s. 20.236 n.s.s. 
1965 22 29.747 n.s.s. 30.133 n.s.s. 
1966 34 44.748 * 43.658 n.s.s. 
1967 18 20.490 n.s.s. 21.767 n.s.s. 
1968 13 9.682 n.s.s. 9.013 n.s.s. 
1969 14 18.117 n.s.s. 14.229 n.s.s. 
1970 14 13.760 n.s.s. 9.778 n.s.s. 
1971 14 21.047 n.s.s. 22.448 n.s.s. 
1972 14 21.889 n.s.s. 24.390 n.s.s. 
1973 20 30.297 n.s.s. 33.698 * 
1974 42 13.540 n.s.s. 13.887 n.s.s. 
1975 55 55.617 n.s.s. 53.536 n.s.s. 
Overall 488 532.5217 531.981 
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Table 5.2.4 Trait 5. 
Estimates of heritability, from the analysis of deviance. 
Model 
Year 1 2 
1953 0.1308 0.0924 
1954 0.0088 0.0050 
1955 -0.0171 -0.0284 
1956 0.0339 0.0064 
1957 -0.0385 -0.0280 
1958 -0.0478 -0.0671 
1959 0.0957 0.1624 
1960 -0.0029 -0.0270 
1961 0.0280 0.0593 
1962 0.0564 0.0264 
1963 -0.0049 0.0598 
1964 -0.0103 -0.0055 
1965 0.0565 0.0594 
1966 0.0615 0.0553 
1967 0.0196 0.0296 
1968 -0.0313 -0.0376 
1969 0.0358 0.0020 
1970 -0.0021 -0.0362 
1971 0.0582 0.0698 
1972 0.0644 0.0848 
1973 0.0677 0.0901 
1974 -0.1907 -0.1884 
1975 0.0046 -0.0110 
Overall 0.0142 0.0139 
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Table 5.2.5 
Analysis of deviance of covariate effects. 
Trait 
Model D.f. 1 2 3 
Yr+da+sex+bt+bwt 985 722.459 1024.28 741.809 
Yr+da+sex+bt 988 822.125 1369.36 743.853 
Yr+da-I-sex+bwt 986 738.348 1024.31 745.746 
Yr+da+bt+bwt 986 733.082 1044.47 743.139 
Yr+sex+bt+bwt 989 735.435 1036.47 749.743 
Trait 
Model D. f. 4 5 
Yr+da+sex+bt+bwt 985 444.439 1200.77 
Yr+da+sex+bt 988 446.938 1552.20 
Yr+da+sex+bwt 986 445.038 1200.94 
Yr+da+bt+bwt 986 445.936 1216.32 
Yr-I-sex+bt+bwt 989 445.431 1223.60 
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Table 5.2.6. 
Analysis of deviance, marginal effects of Table 5.2.5. 
Marginal deviance for trait 
Term D.f. 1 2 3 
Dam age 4 12.976 * 12.19 	* 7•934 	n.s.s. 
Sex 1 10.623 ** 20.19 	*** 1.33 	n.s.s. 
Litter size 1 15.889 0.03 	n.s.s. 3.937 	* 
Birthweight 3 99.666 345.08 2.044 	n.s.s. 
Term D.f. 4 5 
Dam age 4 0.992 n.s.s. 	22.83 
Sex 1 1.497 n.s.s. 	15.55 
Litter size 1 0.559 n.s.s. 	0.17 	n.s.s. 
Birthweight 3 2.499 n.s.s. 	351.43 	*** 
Page 126 
The marginal deviances due to sires were mostly not statistically 
significant, with several of the analyses, which were carried out 
within years, converging very slowly. This meant that the deviances 
were very small; the marginal deviances for sires for the years 1970 
to 1975 were small, much less than their expectations (the degrees of 
freedom for sires). The difference between model 1 and model 2 was 
the effect of including the effects of dam age, sex, litter size, 
birthweight and birthcoat type. There was little overall effect of 
the inclusion of these effects on the sire deviances for the five 
traits, except for trait 4, for which the deviance under model 2 was 
much larger than under model 1; although both were still much less 
than the degrees of freedom. 
The covariate effects for age of dam, sex, litter size and 
birthweight are shown in Table 5.2.5, and the marginal effects of 
these terms are given in Table 5.2.6. There were statistically 
significant effects for all the factors for trait 1. Birthweight had 
large effects on deaths up to a fortnight of age, but no effect 
thereafter, but this was sufficient to give a significant effect for 
trait 5. Whilst litter size and sex had effects on lamb mortality in 
early life there was no significant effect of litter size on overall 
lamb mortality. 
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Chapter 6 Simulation check on Analytical methods. 
To evaluate the estimation method due 	to Hill 	(personal 
communication) data sets were generated and analysed by least-squares 
(using 1IIERF) and maximum likelihood methods (using GLIM). The model 
used for the generation of the data was a simple one-way 
classification, sires and progeny within sires, 
y.. =u+s. 	+e.°. 
where y 	= value of the j 	progeny of the i 	sire 
u 	= overall mean 
S. 	= random variable for the i 	sire 
I. 
e 	= random variable for the 	progeny of the 
it-5 sire 
The mean (u) was taken to be zero. The random variable (s.) was 
drawn from a normally distributed population with mean zero and 
variancecy , where a = hZ. Similarly the residual random 
variable (e) was drawn from a normally distributed population with 
mean zero and variance , where o  h. h was the 
heritability, on the underlying continuous scale, used for the 
sampling, and was only a starting value. Thus although values of the 
random variables (s & e..) were sampled from populations with the 
respective means and variances, the actual variances from the sampled 
variables (here called realised parameters) drawn will he different. 
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The range of heritabilities used for ha were 2% to 10%. y, was thus 
a value on the underlying scale. This y., was then compared to a 
given truncation point and if less than the truncation point then the 
phenotypic value (z ; . ) was coded 1, otherwise 0. The truncation point 
was chosen to truncate a normal distribution, with mean 0 and unit 
variance, into two groups, with proportions p and i-p. However, the 
acual proportions observed will differ from this, due to finite 
sampling effects. 
Whilst the initial estimates of the population parameters were 
used to generate the simulated data, the realised parameters, o 
2. 	hL (on the underlying scale) and p 	(incidence observed), will 
be different for each data set. The realised heritability ha on the 
underlying scale will he different from the initial parameter estimate 
hZ , due to the small numbers of individuals involved in the sampling. 
260 simulated data sets were generated, each of 1000 individuals, 
20 progeny for each of 50 sires. For each generated data set there 
was a record of; incidence, realised heritability, least-squares 
heritability estimate from HIERF, and heritability from the deviance 
statistic from CLIM. The mean and standard deviation of the values 
are shown in Table 6.1, the regressions of the various estimates on 
the realised heritability in Table 6.2, and the graphs of the 
least-squares h (L.S.), adjusted least-squares ha (ADJLS), L.S. 
multiplied by pq / zZ , and the deviance h (1)EV), against the realised 
heritability (RL) are shown in Figures 6.1 to 6.3. 
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Mean and standard deviation for heritability estimates. 
Method 	Mean 	Standard deviation 
Realised 	0.0510 	0.0264 
Adj. L.S. 	0.0569 	0.1417 
Dev. 	0.0448 	0.0437 
Realised = heritability from the realised sire and residual 
variances, on the underlying scale. 
Adj. L.S. = heritability estimate from the hierarchical analysis of 
variance adjusted for the realised incidence of the trait. 
Dev = estimate of heritability from the marginal deviances for sires 
For the adjusted least-squares a regression coefficient of 1 is 
expected for the regression of the observed estimate of heritability 
on the realised heritability. The slope of the Adjusted L.S. 
estimator was 0.81, which was not statistically significantly 
different from 1, and the the intercept for the Adjusted L.S. was not 
different from zero. The expected values, assuming lack of bias, of 
the slope and intercept of the regression of the adjusted L.S. 
estimate on the realised heritabilities are 1 and 0 respectively. 
Thus,in expected agreement with Hill and Smith (1977), the adjusted 




Regressions of L.S., Adj. L.S., and Dev. on Realised heritability. 
L.S. Estimate S.E. T test Significance 
Slope 0.3194 0.1083 2.948 1% - 0.1% 
Intercept 0.0049 0.0062 0.784 n.s.s. 
Adj. 	L.S. Estimate S.E. T test Significance 
Slope 0.8082 0.3302 2.448 2% - 1% 
Intercept 0.0157 0.0190 0.828 n.s.s. 
Dev. Estimate S.E. T test Significance 
Slope 0.2149 0.1021 2.104 5% - 2% 
Intercept 0.0339 0.0059 5.774 < 0.1% 
The regression of deviance estimate of heritability on true 
heritability was made ingnoring the incidence of the trait. A 
significant non-zero intercept and a relatively low slope were 
obtained. To determine whether the incidence was important in the 
interpretation of the deviance statistics further algebraic analysis 
was carried out for various incidences and progeny group sizes. 
Figure 6.4 shows the graph of marginal sire deviances against 
incidence for a zero sire variance. The curves are the marginal sire 
(group) deviances for various group sizes (4, 10, 20, 50 100) for 
incidences from 1% to 50% for a constant 50 groups when there is in 














expectations 	calculated from the likelihood function using the 
binomial expansion for the probability of obtaining r 	successes out 
of n (where r ; may take the values  
The expectation of the marginal log likelihood ratio for s groups 
of size n, with a mean incidence of f is, E(LnL ratio) = 
a 	c.p'(1-p 	.n.(pLln(p) + (1-p.)ln(l-p.)) 
-sn(ln() + (1-)ln(1-)) 
where p. 	= r./n, 	and r. = 0,1,2,...,n 
and 	C=n!/(r.I. !.(n-r.)!) 
The marginal sire deviance is initially much below the expected 
value (the df between sires) and rises with increasing incidence to a 
maximum before declining again asymptotically towards that value. 
Initially the marginal sire deviance is low because, at low incidences 
and with small numbers of progeny per sire group, some sire groups 
will have no progeny deaths (r: = 0), thus contributing nothing to the 
marginal sire deviance, but still adding to the degrees of freedom for 
sires. Thus with a low incidence, a much larger progeny group size 
will be necessary to give progeny groups with a sufficient number of 
successes' (to give an estimate of p which is non-zero) in order to 
give a satisfactory marginal sire deviance. Therefore the 
interpretation, due to Hill (personal communication), of the deviance 
statistic in terms of the increase in deviance over and above the 
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degrees of freedom is only asymptotically true; 	not 	for 	low 
expectations of occurrences per group. 
The marginal sire deviance for incidences greater than 50% is a 
simple reflection of the distribution below 50%. For small progeny 
group sizes the p. (p. = r/n.) will change by finite amounts because 
r can only take the values 0,1,2,...,n . This will result, under the 
null hypothesis, in over-estimating the marginal sire deviance when 
there is, on average, 1 success (or death) per group. As n. increases 
so p, may alter by smaller and smaller increments as r increases or 
decreases by 1, and therefore as n. increases so (for the null 
hypothesis, of no group differences) then the difference between 
fitting a model excluding groups and one including groups will tend 
towards the expectation of the degrees of freedom for groups. 
Asymptotically the binomial distribution will he well approximated by 
the normal distribution, it is at this point that the marginal sire 
(group) deviance is distibuted as a . However, for small group 
sizes the expectation will therefore not be the degrees of freedom for 
groups. 
	
Thus, with no sire differences, the maximum marginal 	sire 
deviance, which is greater than the appropriate degrees of freedom, is 
reached at a value of approximately P = 1/n, where n equals the number 
of progeny per sire. 	The maximum value that the marginal sire 
deviance takes decreases with increasing progeny group size. For 
small progeny group sizes, the marginal deviance for sires is 
initially much less than the expectation and increases to a maximum 
above the degrees of freedom before decreasing again to a minimum at 
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an incidence of. 50%, above 50% the distribution is a reflection of the 
lowr half of the graph. 
Further simulation work was carried out for various incidences 
and progeny group sizes at a range of heritabilities, 0.0 to 0.4, to 
obtain an empirical relationship between the marginal sire deviances 
and the heritability on an underlying scale. Within level of overall 
incidence and progeny group size there was a linear relationship 
between heritability and marginal sire deviance. However, at least 
over the range of values considered here, there was no significant 
non-linear effect. 	The regression estimates of mean deviance on true 
heritability increased with increasing incidence, from 	0.1 at an 
incidence of 1% to 	3 at an incidence of 40%, with a progeny group 
size of 20. For an adaquate progeny group size (one such that for the 
null hypothesis case the marginal group deviance is %. ), then if the 
excess mean deviance (using the method of Hill, personal 
communication) is an estimate of, 
n/(pq) 
then XMl) = .. n .h. za/( pq ) 
(XMl) = Excess Deviance/D.f., p = incidence, n = progeny group 
size, h = heritability on the underlying scale, z = height of the 
ordinate at the truncation point). The regressions of XMl) on h (b), 
and the actual regression coefficients of the Excess Mean deviance on 
h (b), (obtained from the simulations) for a range of incidences, 
are shown in Table 6.3. The intercept of the regression of mean 
deviance on true heritability .(.) is the mean deviance for groups 
(sires) when the sire variance is zero. This intercept is dependent 
upon the incidence and the progeny group size, as shown above in 
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Table 6.3 
Regressions of XMl) on hM, for n = 20 




2 0.6068 0.2540 ± 0.0168 0.9440 0.3458 
4 0.9697 0.7426 ± 0.0210 1.1192 0.0634 
6 1.2368 1.0897 ± 0.0257 1.1690 0.0491 
8 1.4809 1.4114 ± 0.0288 1.1640 0.0329 
10 1.7176 1.7599 ± 0.0308 1.1337 0.0243 
12 1.8959 1.8904 ± 0.0327 1.1241 0.0237 
14 2.0581 2.1336 ± 0.0342 1.1034 0.0203 
16 2.2215 2.3008 ± 0.0346 1.0847 0.0179 
18 2.3135 2.4729 ± 0.0357 1.0623 0.0165 
20 2.4133 2.5475 ± 0.0357 1.0556 0.0156 
22 2.5650 2.6554 ± 0.0363 1.0520 0.0148 
24 2.6358 2.8048 ± 0.0367 1.0378 0.0136 
26 2.7447 2.8662 ± 0.0376 1.0393 0.0136 
28 2.8196 2.9367 ± 0.0367 1.0264 0.0123 
30 2.8160 3.0125 ± 0.0383 1.0195 0.0116 
Figure 6.4. The regression is also dependent upon the incidence and 
progeny group size, as shown above and in Table 6.3. Table 6.3 
indicates that the sampling variance of the heritability estimate 
( 	) declines with increasing incidence, up to 50%, when it 
will start increasing again. 	Analysis of variance estimates of 
heritability had lower sampling variances than the estimates from the 
deviance statistics. The intercept of the regression line is an 
empirical estimate of the mean sire deviance for the null case, of 
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zero sire variance, for the particular progeny group size 	and 
incidence. 	These regression equations allow the observed mean 
deviances, in conjunction with the overall incidence and progeny group 
size, to be converted to an estimate of heritability on an underlying 
liability scale. 
In conclusion, the simulation and theoretical calculations of the 
expectations of the deviances shows that, whilst the deviance for 
groups has a X distribution asymptotically under the null 
hypothesis, the exact expectations can be considerably different for 
even moderate incidences and group sizes. 
Page 140 
Chapter 7 Discussion. 
The results of the analyses of the Stanhope and Rhydyglafes data 
have been presented in Chapters 4 and 5. Beyond reporting whether 
effects were significant or not, little attempt at interpretation has 
been made. Many of the analyses are similar, either in method or 
objective, thus an overall interpretation and discussion of all the 
analyses is presented here, rather than considering each set of 
results separately. 
There were considerable variations in the level of mortality from 
year to year in the two flocks. These fluctuations were removed by 
appropriate adjustments, either by fitting for years or by analysis 
within years. The main concerns of the analyses were examination for 
evidence of: differences between sires in the incidence of mortality 
in their progeny, line differences, and the correlated effects of 
selection for medullation, cannon and birthcoat type on lamb 
mortality. However, dam age, sex and litter size that the lamb was 
born in were also fitted in the analyses. These covariate effects, 
together with birthweight and birthcoat type are considered before 
discussing sire differences and selection effects. 
The analysis of variance methods have theoretical limitations 
when applied to binary data of this type, particularly at low 
frequency, and the tests of significance will only be approximate. 
Theoretical limitations of the analysis of variance were a reason for 
utilizing the maximum likelihood package GLIM. CLIM is more suitable 
for the analysis of such binary data, but is more restrictive in the 
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size and complexity of model that imay be fitted than the analysis of 
variance package used (HIERF). 
7.1 Covariate effects. 
As outlined in Chapters 4 and 5, the analyses of variance were 
carried both including and excluding birthweight, and at Rhydyglafes 
including and excluding birthcoat type as well. 
The effects of dam age, sex and birthweight form the analysis of 
variance were similar to previous reports. The mortality rate for 
male lambs was at least as great as that for female lambs. At 
Stanhope, sex had a large effect on mortality for single-born lambs, 
particularly up to eight weeks of age. Twin born lambs showed much 
less effect of sex, although for overall lamb mortality it was highly 
significant. Exclusion of hirthweight from the analyses reduced the 
effect of sex, for both singles and twins. At Rhydyglafes there were 
large effects of sex on the mortality of single-born lambs up to a 
fortnight of age, with little effect thereafter. For twins there was 
a large sex effects on mortality between birth and a fortnight, but 
not for the other catagories of age at death. There was still a large 
effect on overall lamb deaths. If hirthweight was ignored, then twin 
born lambs showed no effect of sex on lamb mortality. The results 
from the maximum likelihood analysis were similar to the results from 
the analysis of variance, at both Stanhope and Rhydyglafes. For the 
maximum likelihood analyses singles and twins were analysed together, 
but fitting constants for litter size. There were large effects of 
sex on all five catagories of age at death at Stanhope, but 
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significant effects on mortality only up 	to 	a 	fortnight 	at 
Rhydyglafes. 
The analysis of variance and maximum likelihood both showed that, 
as expected, birthweight had highly significant effects on lamb 
mortality up to a fortnight for singles and twins at both Stanhope and 
Rhydyglafes. There was a curvilinear relationship between mortality 
and birthweight, with an intermediate optimum just above the mean 
birthweight, in agreement with the results of Purser and Young (1959), 
Smith (1977) and Dalton et al. (1980). Figures 7.1 and 7.2 show the 
graphs of birthweight against the increase in percent mortality, 
relative to the optimum, at Stanhope and Rhydyglafes for deaths up to 
a fortnight and for overall lamb mortality. Thus whilst the absolute 
level of mortality is not given, the change in mortality with 
birthweight is shown. The optimum birthweiglit is shown with an effect 
of zero, and as the birthweight increases or decreases so the level of 
mortality increases. For overall lamb mortality for singles a 
reduction in birthweight from the optimum (3.83kg.) to 3.3kg. 
(0.5kg. less) will increase the percent mortality by approximately 
2%. The optimum and the mean birthweights are shown in Table 7.1. 
For both singles and twins , at all stages of loss, at Stanhope and at 
Rhydyglafes the mean birthweights were less than the optima, in 
agreement with other reports of relationships between mortality and 
birthweight. The differences between the optimum and the mean 
birthweight range from 0.1kg to 1 kg, with the difference between the 
mean and the optimum for trait 2 (deaths between birth and a 
fortnight) being largest. 
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Mean and Optimum hirthweights. 
Stanhope 
Optimum birthweight 
Trait Singles Twins 
At birth 3.50 3.07 
Early 4.09 	/ 3.45 
Overall 3.83 3.27 
Mean 3.29 2.35 
Rhydyglafes 
Optimum hirthweight 
Trait Singles Twins 
At birth 3.10 2.83 
Early 3.55 3.23 
Overall 3.35 3.15 
Mean 2.99 2.40 
The optimum birthweight for a successful birth is less than that 
required for successful survival after birth; thus the optimum for 
overall lamb deaths will be intermediate between the two optima and 
related to the distribution of mortality between the two classes. 
The optimum birthweight exceeds the mean birthweight, 	this 
implies that there is a selection pressure to increase the mean 
towards the optimum. The population may be stationary, in which case 
a selection pressure of equal and opposite direction must be acting 
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elsewhere in the life cycle, or the population may be non-stationary 
and the mean is lagging behind the optimum. Either of these is 
possible. A low birthweight, at least one less than the lambs 
optimum, may allow the dam to adaquately suckle the young lamb and in 
addition re-build her own body reserves for the next mating and 
lambing and therefore have a greater probability of conception and 
subsequent lambing. A high birthweight lamb may cause the ewe to be 
in poor condition by the foillowing autumn so that she fails to 
conceive, thus iiullifing the advantage of the heavier lamb, but a very 
light lamb may be indicative of a poor ewe with few body body reserves 
and little maternal ability. Thus the optimum birthweight which gives 
the dam the greatest lifetime performance may he less than the optimum 
for the individual lamb, thus causing the mean lamb birthweight to be 
less than the optimum. 
Alternatively, the sheep population could be in a state of 
change, with an increasing size, or an altering'environment', leading 
to the optimum exceeding the mean. This could take a considerable 
time for the mean to be raised to the optimum, due to the relatively 
low selection pressure that will be exerted and the small, finite 
group size that sheep are maintained in, both naturally and 
artificially by man. 
Birthcoat type at Rhydyglafes also had a curvilinear effect on 
mortality, with an intermediate optimum; mortality was greater for 
both hairy and fine coated lambs (Figure 7.3). In 1953 the mean 
birthcoat type at Rhydyglafes was 5.2, on a scale that ran from 2 to 7 
(2 equaling fine and 7 equalling hairy). 	For birthcoat type (at 
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Table 7.2 
Mean and Optimum birthcoat 
Trait Singles Twins 
At birth 3.78 3.04 
Early 5.19 5.87 
Overall 4.90 5.87 
Mean 5.2 5.2 
Rhydyglafes) the optimum for single-born lambs post parturition was 
approximately 5, and for twins was nearly 6, these differences were 
not significant. The optimum birthcoat type for trait 1 (deaths up to 
- 	and at birth) was considerably less, 3.78 and 3.04 for singles and 
twins respectively. 	Purser and Karam (1967) found that intermediate 
birthcoats gave the minimum mortality for losses between birth and a 
fortnight, but found no effect on stillbirths or difficult births. 
The differences in the effect of birthcoat type for trait 1 may be 
caused by Purser and Karam (1967) fitting birthcoat type as a main 
effect in their analysis of variance (with 5 degrees of freedom), 
whereas in this study birthcoat type has been fitted as linear and 
quadratic terms in a regression (with 2 degrees of freedom). 
Birthcoat, 	whilst scored in integer values conceptually has a 
continuous scale, between the limits of 2 and 7. 	Fitting birthcoat 
type as a main effect with 5 degrees of freedom requires 3 extra 
degrees of freedom than fitting as linear and quadratic regressions. 
The 3 extra d.f may not have increased that variation attributable to 
birthcoat type and may therefore have reduced that significance of the 
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effect of hirthcoat. The original mean birthcoat type existing prior 
to selection would appear to approximately equal the optimum birthcoat 
for overall mortality. 
Dam age has been shown to have large effects on lamb mortality, 
as shown by Purser and Young (1959) and Dalton et al. (1980). Both 
the analysis of variance and the maximum likelihood analyses indicated 
dam age effects on overall lamb mortality at Stanhope, particularly 
for single-born lambs up to eight weeks, with lesser effects for 
twins. For the Rhydyglafes data the analysis of variance indicated 
little effect of dam age for either singles or twins, the maximum 
likelihood analysis showed small, but statistically significant 
effects for deaths up to a fortnight and larger effects for overall 
mortality. These results show that there was a larger effect of dam 
age in the Scottish Blackface flock at Stanhope than in the Welsh 
Mountain flock at Rhydyglafes. Because breed and location are 
confounded it is not possible to conclude anyth,ing further about the 
differences between the two breeds. 
When birthweight was removed from the analysis of variance models 
then the effect of dam age on lamb mortality was increased, at both 
Stanhope and Rhydyglafes, where there were significant effects of dam 
age on early deaths and overall lamb mortality. This is in agreement 
with the results of Purser and Young (1959), who found that whilst dam 
age had a considerable effect on lamb mortality via alterations in 
birthweight, there were still effects of dam age after adjustment for 
birthweight differences. In contrast Smith (1977) and Dalton et al. 
(1980) found that, whilst there were large dam age effects, after 
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adjustment for birthweight these disappeared. However, Dalton et al. 
(1980) grouped their observations of mortality by year, breed, dam 
age, sex and litter size to estimate the mean class birthweight. This 
mean birthweight was then used, as linear and quadratic regression 
terms, together with the above factors in a maximum likelihood 
analysis of lamb mortality. The analysis was similar to the maximum 
likelihood analysis used in this study, with a binomial error 
distribution and a logit transformation to an underlying scale. 
Grouping the data as Dalton et al. (1980) did to estimate the mean 
birthweight and then using this me: class birthweight as a variable 
is inappropriate to examine whether dam age has any effect independent 
of birthweight. The data should have been further grouped by 
birthweight, and then the effect of dam age measured after fitting for 
birthweight. 
Thus in conclusion it appears that there are significant dam age 
effects, but that a considerable proportion of the dam age effect is 
due to changes in lamb birthweight. Birthweight had a large 
curvilinear effect, particularly on deaths up to a fortnight of age, 
less effect thereafter, but still a highly significant effect on 
overall lamb mortality. In contrast to Dalton et al. (1980) and 
Smith (1977) this study indicated that differences in mortality rates 
due to litter size, and dam age, are not just functions of the altered 
birthweights; there are litter size and dam age effects independent 
of their effects on birthweight and thus mortality rates. 
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7.2 Sire effects. 
The estimates of heritability of lamb mortality from the analysis 
of variance (least squares) of single-born lambs were all small, -1.5% 
to +2.5% at Stanhope and -7% to -1% at Rhydyglafes. However, the 
estimates for the twin-born lambs were much higher, between 6 and 30% 
at Stanhope and 3 to 14% at Rhydyglafes. Estimates from the analysis 
of variance are frequency dependent; thus to compare estimates, they 
should be converted to a frequency independent basis on an underlying 
scale, by multiplying by pq l z Z, as suggested by Robertson and Lerner 
(1949). The analyses of variance were carried out, as described in 
Chapter 3, on the data scored as 0 or 1. Hill and Smith (1977) 
considered this to be preferable to the modified method used by 
Robertson and Lerner (1949). The heritability on the (0,1) scale may 
be transformed to a frequency independent basis on an 	assumed 
underlying scale; 	however, as noted by Hill and Smith (1977) this 
method of adjustment assumes that the variation in liability amongst 
groups is small, that the sire variance component is a small 
proportion of the total variance. Therefore the adjustment may be 
inappropriate for these estimates, because the incidences are low and 
the estimates, particularly for twirls, are relatively high. The 
estimate of heritability (on the 0,1 scale) of overall mortality 
amongst twins at Stanhope (27%) was much higher than most other 
previous reported results, and on the underlying scale was greater 
still. Smith (1977) reported a heritability of lamb mortality of 6% + 
3%, similar to the estimate of overall lamb mortality for twins at 
Rhydyglafes (8%). 
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The Stanhope and data were analysed separately for singles and 
twins 	because the mean squares for sires (for singles) 	were 
consistently lower than the mean squares for sires (for twins). The 
reason for this litter size difference is unclear. If there are 
factors which have a large effect on the lambs likelihood of dying 
and which are balanced across sires, then the mean square for sires 
may be less than the mean square error, if not accounted for in the 
analysis. An example would be the effects of dam age, for which sires 
were deliberately balanced, but which was fitted in the analyses. The 
usual structure of an analysis of variance is; 
Source 	E(MS) 
Between 	o 
t + ko 
Within 
If some factor contributes to variation between individuals 
(Within), but not Between, because of balance, then the structure of 
the analysis of variance is, 
Source 	E(MS) 
Between 	o + ko 




where 	is the variation due to the balanced factor, c. 	This 
could result, if factor c was ignored, in under-estimating o. If 
there was some unfitted factor, balanced across sire groups for 
singles, then this could give rise to the litter size differences in 
the estimates of h. There does not appear to he any such factor to 
explain the differences. 
At Rhydyglafes the mean squares for sires (for singles) were all 
negative, whereas the mean squares for sires (for twins) were 
positive. If there was no sire effect then it is possible that the 
mean square for sires could he less than the mean square for error, 
just due to random sampling effects. Thus, with equal to zero, one 
would expect that 50% of the time the sire mean square would he less 
than the residual mean square, and 50% greater. For each of the 5 
traits the probability of obtaining a negative estimate if there was 
no sire variance is 50%. Since the traits are nearly independent 
there is therefore approximately a 5% chance that there was no sire 
effect and that all five estimates were negative due to random 
sampling alone. However, these sires were also the sires of the 
twin-born lambs, for which the analyses indicated significant sire 
effects. Thus the probability of the singles analyses all having 
negative sire estimates by chance alone will be considerably less and 
this seems unlikely to be the cause of the differences. 
The sire variation, from the analysis of variance, of twins was 
greater than that from the singles analyses. Other reports of the 
heritability of lamb mortality have either been using singles only 
(and ignoring dams) or have analysed singles and twins together, 
Page 154 
because of the small numbers of twins involved. 	Thus other reports 
confirming this result are lacking. However, Martin et al. (1980), 
reporting on parameters of lamb hirthweight, noted that other workers 
had found greater heritability estimates for birthweight for singles 
than twins, the opposite direction to the estimates in this study. 
As noted in Chapters 4 and 5, the analyses of variance estimates 
of heritability for singles were all consistently lower than the 
estimates for twins. Whilst the individual pairs of estimates were 
only marginally significantly different, taken together (the estimates 
for different traits were independent) then a consistent trend is 
apparent. Any factor for which the single sire groups were balanced, 
but for which twin sire groups were not , and which was not included 
in the analyses could lead to the sire effects for singles being less 
than the sire effects for twins. 
A genetic variation by litter size interaction, giving greater 
sire variation for twins than singles, is an explanation of these 
differences. However, analysis of variance techniques are not 
theoretically appropriate for binary data, although widely used, and 
this may have lead to results which are biassed. 
The estimates of heritability for twins imply that considerable 
responses to selection, both natural and artificial, should be 
possible. If one considers that natural selection for survival (or 
against mortality) is causing the culling of the poorest individuals 
then, if 1 out of every 10 progeny of a sire is lost, a response of 
about 1.5% p.a. would be possible, assuming that there are no 
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balancing factors elsewhere in the life cycle. This response is not 
being achieved, and indeed if it had been achieved in the past then 
natural selection would have caused the overall lamb viability to be 
increased to such an extent that lambs would cease to die; this is 
not the case! 
The maximum likelihood analyses of the marginal effects of sires 
indicated that at Stanhope there were highly significant sire 
differences on overall lamb mortality, the differences being larger 
after fitting for covariate effects. However, the estimates of 
heritability, estimated according to the method of Hill (personal 
communication), from the maximum likelihood analyses were low, -2.5% 
to 4%. Unlike the analysis of variance, the total marginal sire 
deviance, and heritability estimate, was largest for overall lamb 
mortality (trait 5), exceeding the component effects at both Stanhope 
and Rhydyglafes, whereas for the analysis of variance the heritability 
estimates for traits 1 , 2 and 3 were all greater than the overall 
estimate. In contrast at Rhydyglafes there was little evidence of 
significant sire effects; only for deaths between birth and a 
fortnight, and overall deaths were the sire effects significant. 
The simulation studies, outlined in Chapter 6, showed that the 
heritability on an underlying liability scale may be estimated from 
the mean marginal sire deviance (the marginal sire deviance/sire 
d.f.), the mean incidence and the progeny group size. The estimates 
of heritability, using the regression estimates obtained from the 
simulation studies at various incidences and progeny group sizes, are 
shown in the Appendices, Appendix 2 for the Stanhope results and 
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Appendix 	4 for the Rhydyglafes results. 	These 	estimates 	of 
heritability from the marginal sire deviances are on an underlying 
liability scale, independent of the incidence. 
The combined single and twin estimates of heritability were 
similar to the corresponding analysis of variance estimates at both 
Stanhope and Rhydyglafes. However, all the estimates had large 
standard errors and only the heritability of overall deaths at 
Stanhope and deaths at birth at Rhydyglafes were statistically 
significant. Twins were analysed separately using GLIM to see if the 
estimates of heritability were higher, as they had been for the 
analysis of variance for twins. The estimates all had such large 
standard errors that it is not possible to conclude that they were 
even different from zero. The small numbers of progeny per sire and 
the numbers of sires per year meant that the estimates were very 
imprecise. 
In conclusion both the analysis of variance and the maximum 
likelihood methods of analysis indicate that there are differences 
between sires, but the precision of these estimates is low. The size 
of any heritability is not certain, although it is unlikely to he 
greater than about 20%. With the limited numbers of progeny per sire 
and the relatively low incidences it is not possible to determine 
whether singles and twins have different heritabilities for lamb 
mortality. 
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7.3 Effects of selection. 
At Stanhope the maximum likelihood analyses of the sire summaries 
indicated no effect of regression on selection, for either cannon or 
medullation, for any of the five traits, and no significant effect of 
lines. However, the analyses of variance gave significant effects of 
selection for three of the traits. Comparison of the last five years 
lamb mortality, 1970 to 1974, shows that there is a slight difference 
between lines S (short cannon bone) and L (long cannon bone) in the 
overall lamb mortality rate, but this difference is not consistent 
with a steady change due to selection; neither from the maximum 
likelihood analyses nor from the analyses of variance were there 
significant regressions on selection for cannon bone length. For the 
analysis of variance (ignoring birthweight) there was a small effect 
of regression on cannon hone selection, but then there were highly 
significant changes in the hirthweights of lines S. and L. 
At Rhydyglafes from the analyses of variance there were large 
effects of the selection for birthcoat type for traits 2 (deaths 
between birth and a fortnight) and 5 (overall deaths), but these all 
but disappeared after adjustment for birthweight and birthcoat type. 
The maximum likelihood analyses indicated similar large effects on 
early (birth to a fortnight) and overall deaths, but this was for the 
sire summary, and was ignoring the effects of birthweight 	and 
birthcoat type. 	Thus it was not possible to examine the effects of 
hirthcoat selection for 	the maximum 	likelihood model 	whilst 
simultaneously fitting birthweight and birthcoat type, as was done for 
the analysis of variance model. 	The selection for birthcoat type 
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appears to have altered the mortality just due to altering birthcoat 
type, a straight phenotypic effect. 
These results appear to be consistent with other selection 
experiments which have found little correlated change in lamb 
mortality with selection for production traits. 
7.4 Review of Analytical Methods and Models. 
During the course of these analyses it became apparent that the 
structure of the data and the binary nature of the traits being 
considered meant that standard statistical procedures had particular 
problems. The nature of some of the problems with the use of the 
maximum likelihood methods was not apparent until the simulation work 
was conducted. however, with the experience and knowledge gained it 
is perhaps appropriate to re—examine the analyses critically and 
review their interpretations and limitations. 
For the least—squares analyses, lines were treated as a random 
effect nested within years, whereas it would be more sensible to 
consider them as a fixed effect cross—classified with years (a random 
factor). The lines were not a random sample from some population, 
nested within years, but rather specifically chosen lines, albeit 
initially made up by random sampling from a base population, which 
continued across all years. This cross—classified or nested modelling 
of lines would not affect the estimates of sire variance components as 
sires were nested within years and lines. Dams were also considered 
to he nested within sires, whereas in fact they were kept for a 
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maximum of five breeding seasons, nested within lines. 	This nested 
model meant that the same dam in different years, and thus mated to 
different sires, was apparently two separate randomly sampled dams. 
There were actually only about a third as many dams as the degrees of 
freedom for dams would indicate, about 7000 dams at Stanhope and about 
3000 dams at Rhydyglafes. Therefore a more accurate analysis of 
variance model would have had years and lines cross—classified, with 
sires nested within years and lines, and dams nested within lines, but 
cross—classified with sires. However, this was not computationally 
feasable. 
Selection differentials for cannon and medullation selection 
pressure have simply been expressed as the number of years of 
selection for either trait, because the selection differentials were 
similar over years, within lines. A better method would be to use the 
actual cannon and medullation lengths, or the deviations from their 
means, for each lamb, sire and dam. 
Whilst least—squares analysis of (0,1) data has been used by many 
workers, the estimates of heritability are frequency—dependent, and 
fitted values are not constrained to lie between 0 and 1. Several 
workers (Hill and Smith (1977)) have shown that the adjustment pq/zL 
may be applied to the least—squares estimates of heritability from an 
ordinary analysis of variance of the (0,1) data. Indeed in the 
simulation results presented in Chapter 6, the regression estimate of 
the adjusted least—squares on the realised heritability was not 
statistically significantly different from 1. However, for the actual 
analyses of variance there were many estimates of heritability which 
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were not consistent, either in magnitude or in sign. 
The estimates of heritability from twin data exceed those from 
singles, when adjusted to account for the differences in incidence, 
and imply a genetic variation by litter size interaction, or some 
factor-for which single born lambs were balanced across sires, but not 
twin born lambs, and which was not included in the analyses. This 
latter possibility is unlikely. Singles and twins were not treated 
exactly alike; twin born lambs and their dams tended to be kept on 
better quality grazing in the early post—parturition period. However, 
to interact with the analysis some effect would have to he balanced 
across sire groups for singles only. Dam age, which was fitted to the 
data for both litter sizes, is an example of a factor which was 
balanced across sire groups; however, this would affect both singles 
and twins. To have this effect a factor would thus need to be 
balanced across sire groups after lambing, when the litter size is 
known. Alternatively, the variation between sire groups for twins 
would need to be increased to result in the much greater estimated 
sire variance. This would require that different sire groups be 
exposed to different environments to increase the sire mean square, 
but not the residual mean square. These possibilities, of balanced 
factors for singles (but not twins), or increased variation between 
sire groups for twins, are unlikely to occur and to he the cause of 
the differences between heritability estimates for singles and twins. 
A further factor for which single— and twin— born lambs differ 
may be the distribution of their date of birth. It is possible that 
twin born lambs may be born earlier and with a reduced variation in 
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their date of birth than singles. If this was so then they would be 
subjected to less variation in environmental factors, and therefore 
the residual variation might be less than it would be if twins had a 
date of birth distribution similar to that of singles. However; this 
was not the case, twins were not horn any earlier, neither was the 
variation in the date of birth any less. 
Another factor to which twins may be subjected that singles are 
not is competition. If there is competition 'between twins within dams 
then this will increase the incidence and thus the variance within 
dams, but not between dams. Thus the excess of the dam mean square 
over the residual variance will be reduced, and therefore the variance 
due to dams (o) will he reduced. But the estimate of the sire 
component of variance (o - ) will be unaffected, because with only twins 
being considered then the expectation of the sire mean square is 
a; +2.Oc 	+kc 
IL 
cr = (NSD - NSE)/2 E (NSD - le 
If cr, is increased by competition then 	will be reduced by 1/2 
the difference of the increase in 	. Therefore the term 	+ 	in 
will be increased by half the increase in the or, due to the 
competition. Thus this would lead to a 	reduced 	estimate 	of 
heritability, biassed downwards. 	Therefore this is not the cause of 
the differences between singles and twins; 	indeed if there are 
competition effects between lambs within litters then the estimates of 
heritability from twins will be, if anything, under—estimates of the 
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true values. 	Thus this could be an expanation of the greater 
estimates of heritability of birthweight for singles than twins noted 
by Martin et al. (1980). 
The maximum likelihood analyses were undertaken in three stages, 
the sire analyses, the analyses of effects within years, and the 
estimation of the effects of the covariate factors. When fitting 
models to the sire summary the effects which affect individual lambs 
were ignored, such as darn age, sex, litter size and birthweight. Dam 
age, for which sire groups were balanced, could have reduced the 
variation between sire groups, thus indicating the there was no 
difference between sire groups. Covariate effects were estimated by 
grouping over selection lines, due to limitations of programme size 
(GLIM), computing time and asymptotic properties of the deviance 
statistics. The individual lamb records were analysed within years, 
but fitting lines, sires within lines, dam age, sex, litter size and 
birthweight. This meant that, when estimating the marginal effect of 
sires in the analysis of individual records, there was no estimation 
of the selection effects, because the data were within years, and 
classified by lines together with selection pressure would have caused 
confounding. In addition, due to analysing each year separately, 
there is an interaction with years for; lines, dam age, sex, litter 
size and birthweight. This is because the estimate of dam age for the 
I' 
i 	year would be independent of the estimate for the j 	year 
(i # j). 
The maximum likelihood analyses of the individual lamb data, to 
give the marginal sire deviances, using the excess of the marginal. 
Page 163 
sire deviance over the sire degrees of freedom, gave estimates of 
heritability between -6% and +4%. 	As shown in Chapter 6 the 
interpretation of the deviance statistic is unclear. 	The simulation 
studies indicated that the approximation for the expectation of the 
marginal sire deviances gave a poor estimate of the sire variance (and 
heritability), because the moments of the third order and greater may 
not he ignored, particularly when the numbwers of deaths in progeny 
groups are low. For low incidences, such as in this data, there will 
be a positive skewness on the observed scale, dependent, in part, upon 
the real heritability, the incidence and the numbers of individuals. 
Thus this estimate of heritability from the maximum likelihood 
deviance statistic is a poor indicator of the heritability on an 
underlying scale. The further simulation studies indicated that the 
degrees of freedom for groups (sires) is not necessarily the expected 
value for the null hypothesis. However, this does not indicate that 
the CLIM approach has no value, only that this method of interpreting 
the deviance statistics in terms of variance components, is not 
helpful. The further simulation work showed that the heritability on 
an underlying scale could be estimated from the sire deviance, on the 
basis of the excess deviance, not over the degrees of freedom, but 
over an intercept dependent upon the progeny group size and the mean 
incidence, using a regression equation of the form, 
2. 
h_ = 	b*(M.D. - I) 
where M.D. is the mean deviance, I is the intercept and b the 
regression coefficient. Both b and I are dependent upon the incidence 
and progeny group size. 
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GLIM fits factors essentially as a 	fixed 	effects 	model. 
Estimates of factors are permitted to lie anywhere along the real 
line, - CO to + 00 , where a factor may be a particular line, sire, 
darn age, sex, litter size or hirthweight. Whilst this may be sensible 
for factors, such as dam age, which are here being considered as fixed 
effects, it is less desirable for random effects factors, such as 
sires. For individual lamb records analyses, which were the only 
models for which sires were explicitly fitted, then the estimate for 
each sire was allowed to range along the real line. There was no 
restriction that the sires came from a randomly sampled population 
with a finite variance. This interpretation of the deviance statisics 
is not a maximum likelihood estimation of the sire variance on the 
logit scale. Dams were also ignored in the maximum likelihood 
analyses, because within years most lambs 	were 	singles, 	thus 
individuals were largely confounded with dams. Due to the large 
number of effects and the large number of individuals it was not 
possible to analyse all the individual lamb records simultaneously, 
which was why the analyses of individual lamb records were carried out 
within years, and why dams were not fitted. 
It should be noted however, that there are no really satisfactory 
methods of analysis of 0,1) data for genetic studies of variance 
components. Analysis of variance methods, as used here and by most 
other workers, are inappropriate for theoretical reasons, when 
adjustment is made for factors such as dam age, sex and birthweight, 
and the CLIII approach is a fixed effects model. An extension of this 
concept is required to include effects such as sires which are 
considered to be random effects from some population with 
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characteristics (o) for which a parameter estimate is known, or for 
which it is desired to obtain a maximum likelihood estimate. 
7.5 Conclusion 
There were significant effects of dam age, litter size, sex 
and birthweight. 
Much of the clam age effect was due to birthweight, but there 
was still a significant effect due to dam age even after fitting for 
birthweight. 
The analysis of variance and maximum likelihood analyses 
suggest that there were sire differences, although these are unlikely 
to he large. 
Analysis of variance estimates of heritability for singles 
were less than for twins. 
Litter size by genetic variation 	interaction 	is 	one 
explanation of the differences in heritability estimate. 
The statistical methods available for this analysis have 
theoretical limitations and thus these require further investigation 
before one can rule out the possibility that the statistical methods 
may have given rise to the apparent differences. 
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Binary data, such as this, has usually been analysed using 
least-squares analysis of variance techniques because of the ready 
availability of 	statistical 	packages 	rather 	than 	theoretical 
appropriateness. 
Iterative maximum likelihood techniques are computationaly 
much more demanding, particularly for non-linear effects such as 
binary data, and maximum likelihood statistical packages are limited 
in the size of data set and complexity of model that they can handle, 
when compared to standard analysis of variance programmes. 
Selection at Stanhope, for medullation score and cannon bone 
length, has shown no correlated response in lamb mortality, and little 
evidence for differences between lines, when tested against the 
appropriate error, the variance within lines (between sires), rather 
than the more usual, but incorrect, test against the variance between 
individuals. 
At Rhydyglafes there was a large effect of the birthcoat 
selection, but otherwise little difference between the lines. 
These selection experiments confirm other work which 
indicates that selection for production and size characters (such as 
weaning weight, wool weight and cannon bone length) has shown little 
effect on lamb mortality, but selection for characters (such as 
6 
birthcoat type), which are directly associated with lamb mortality, 
may alter rates of lamb mortality. 
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Appendix 1 
Analyses of variance of Stanhope lamb data. 
Analyses of single lamb data, excluding and including birthweight 
and birthweightZ as covariates, Tables 1 to 10. 
Analyses of twin lamb data, excluding and including birthweight 
and birthweight t as covariates, Tables 11 to 20. 
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Table 1 
Analysis of variance for trait 1, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.0675 1.237 n.s.s. 
Medullation 1 0.0545 1.00 n.s.s. 
Cannon 1 0.3981 7.296 ** 
Lines/years 74 0.0547 1.426 * 
Sires/lines 1021 0.0383 1.103 ** 
Dam age 4 0.6374 18.382 
Sex 1 0.4956 14.292 
Residual 19040 0.0347 
Regression on medullation 0.000237 /year 
Regression on cannon 	-0.000641 /year 
Sire variance 	 0.000201 
Residual variance 	 0.034675 
Sire heritability (h) 	0.0231 ± 0.0110 
h = 4*o3 /(a' + a ) 
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Table 2 
Analysis of variance for trait 2, for singles. 
Source D.f. Mean square F - ratio 
Years 22 1.0040 19.929 
Medullation 1 0.0098 0.194 n.s.s. 
Cannon 1 0.0585 1.161 n.s.s. 
Lines/years 74 0.0504 0.902 n.s.s. 
Sires/lines 1021 0.0558 1.106 ** 
Dam age 4 4.9979 99.042 *** 
Sex 1 0.3806 7.543 ** 
Residual 19040 0.0505 
Regression on medullation 
Regression on cannon 
Sire variance 
Residual variance 





0.0237 ± 0.0110 
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Table 3 
Analysis of variance for trait 3, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.2496 6.241 
Medullation 1 0.2503 6.258 * 
Cannon 1 0.0218 0.546 n.s.s. 
Lines/years 74 0.0400 1.053 n.s.s. 
Sires/lines 1021 0.0380 0.094 n.s.s. 
Dam age 4 0.8379 20.835 
Sex 1 0.1987 4.941 * 
Residual 19040 .0.0402 
Regression on medullation -0.000507 /year 
Regression on cannon 	0.000150 /year 
Sires variance 	 -0.000126 
Residual variance 	 0.040016 
Sire heritability (h) 	-0.0126 ± 0.0097 
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Table 4 
Analysis of variance for trait 4, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.0318 2.146 ** 
Medullation 1 0.0047 0.317 n.s.s. 
Cannon 1 0.0489 3.306 n.s.s. 
Lines/years 74 0.0148 1.127 n.s.s. 
Sires/lines 1021 0.0131 0.985 n.s.s. 
Dam age 4 0.0461 3.459 ** 
Sex 1 0.0588 4.414 * 
Residual 19040 0.0133 
Regression on medullation -0.000069 /year 
Regression on cannon 	-0.000225 /year 
Sire variance 	 -0.000011 
Residual variance 	 0.013328 
Sire heritability (h) 	-0.0034 ± 0.0101 
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Table 5 
Analysis of variance for trait 5, for singles. 
Source D.f. Mean square F - ratio 
Years 22 1.9199 12.508 
Medullation 1 0.1884 1.228 n.s.s. 
Cannon 1 0.8954 5.834 * 
Lines/years 74 0.1535 1.178 n.s.s. 
Sires/lines 1021 0.1303 1.085 * 
Darn age 4 16.8686 140.488 *** 
Sex 1 4.0371 33.622 
Residual 19040 0.1201 
Regression on medullation 
Regression on cannon 
Sire variance 
Residual variance 





0.0190 ± 0.0109 
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Table 6 
Analysis of variance for trait 1, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.0634 1.205 n.s.s. 
Medullation 1 0.0465 0.883 n.s.s. 
Cannon 1 0.2336 4.440 * 
Lines/years 74 0.0526 1.418 * 
Sires/lines 1021 0.0372 1.104 * 
Dam age 4 0.1168 3.477 
Sex 1 0.6625 19.724 
Birthweight 1 19.7619 588.363 
Bi rthwe igh tZ 1 17.7373 528.085 
Residual 19038 0.0336 
Regression on medullation 
Regression on cannon 
Regression on birthweight 
Regression on birthweight 
Sire variance 
Residual variance 







0.0240 ± 0.0111 
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Table 7 
Analysis of variance for trait 2, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.5203 10.520 
Medullation 1 0.0182 0.369 n.s.s. 
Cannon 1 0.1252 2.532 n.s.s. 
Lines/years 74 0.0495 0.907 n.s.s. 
Sires/lines f 0.0546 1.124 ** 
Dam age 4 1.2013 24.756 
Sex 1 1.2870 26.522 
Birthweight 1 17.8840 368.545 
BirthweightZ 1 11.7291 241.707 *** 
Residual 19038 0.0485 
Regression on medullation -0.000137 /year 
Regression on cannon 0.000363 /year 
Regression on birthweight -0.318460 
Regression on birthweight 	0.038895 
Sire variance 	 0.000338 
Residual variance 	 0.048526 
Sire heritability (h) 	0.0277 ± 0.0112 
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Table 8 
Analysis of variance for trait 3, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.2095 5.224 
Medullation 1 0.2579 6.432 
Cannon 1 0.0830 2.070 n.s.s. 
Lines/years 74 0.0401 1.058 n.s.s. 
Sires/lines 1021 0.0379 0.944 n.s.s. 
Dam age 4 0.4230 10.537 ** 
Sex 1 0.3234 8.059 ** 
Birthweight 1 0.3876 9.657 ** 
BirthweightZ 1 0.1889 4.706 * 
Residual 19038 0.0401 
Regression on medullation 
Regression on cannon 
Regression on birthweight 
Regression on birthweight 
Sire variance 
Residual variance 







-0.0125 ± 0.0097 
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Table 9 
Analysis of variance for trait 4, 	singles. 
Source D.f. Mean square F - ratio 
Years 22 0.0324 2.189 	. 
Medullation 1 0.0050 0.336 n.s.s. 
Cannon 1 0.0345 2.327 n.s.s. 
Lines/years 74 0.0148 1.131 n.s.s. 
Sires/lines 1021 0.0131 0.982 n.s.s. 
Dam age 4 0.0221 1.657 n.s.s. 
Sex 1 0.0714 5.362 * 
Birthweight 1 0.0374 2.810 n.s.s. 
Birthweight2 1 0.0234 1.757 n.s.s. 
Residual 19038 0.0133 
Regression on medullation 
regression on cannon 
Regression on birthweight 
Regression on birthweightt 
Sire variance 
Residual variance 







-0.0040 ± 0.0101 
Page 1. 11 
Table 10 
Analysis of variance for trait 5, for singles. 
Source D.f. Mean square F - ratio 
Years 22 0.8884 5.802 
Nedullation 1 0.2479 1.619 n.s.s. 
Cannon 1 0.0007 0.005 n.s.s. 
Lines/years 74 0.1531 1.239 n.s.s. 
Sires/lines 1021 0.1236 1.094 * 
Dam age 4 4.5063 39.865 *** 
Sex 1 7.7529 68.586 
Birthweight 1 90.0693 796.798 
Birthweightt 1 67.6339 598.324 *** 
Residual 19038 0.1130 
Regression on medullation 
Regression on cannon 













0.0209 ± 0.0109 
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Table 11 
Analysis of variance for trait 1, for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.0880 1.285 n.s.s. 
Medullation 1 0.0702 1.025 n.s.s. 
Cannon 1 0.5852 8.539 ** 
Lines/years 74 0.0685 0.815 n.s.s. 
Sires/lines 704 0.0841 1.177 *** 
Dam age 4 0.6742 9.439 
Dams/sires 1000 0.0714 2.284 *** 
Sex 1 0.0267 0.855 n.s.s. 
Residual 1806 0.0313 
Regression on medullation 




Sire heritability (h) 
Maternal effect (hi ) 
h2 = 4*/(+ o+ 






0.2140 ± 0.0876 
0.3167 ± 0.0410 
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Table 12 
Analysis of variance for trait 2, for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.6108 5.757 ** 
Medullation 1 0.0121 0.114 n.s.s. 
Cannon 1 .0.0702 0.661 n.s.s. 
Lines/years 74 0.1061 1.071 n.s.s. 
Sires/lines 704 0.0991 1.315 *** 
Dam age 4 0.5660 7.516 *** 
Dams/sires 1000 0.0753 1.259 
Sex 1 0.0049 0.082 n.s.s. 
Residual 1806 0.0598 
Regression on medullation 




Sire heritability (h') 






0.2985 ± 0.0723 
0.0316 ± 0.0403 
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Table 13 
Analysis of variance for trait 3, for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.1278 1.829 
Medullation 1 0.2465 3.527 n.s.s. 
Cannon 1 0.0047 0.067 n.s.s. 
Lines/years 74 0.0699 1.337 n.s.s. 
Sires/lines 704 0.0523 1.234 
Dam age 4 0.0196 0.463 n.s.s. 
Dams/sires 1000 0.0424 1.078 * 
Sex 1 0.0546 1.390 n.s.s. 
Residual 1806 0.0393 
Regression on medullation 










0.2113 ± 0.0677 
Maternal effect (h) 	-0.017054 ± 0.0401 
Source D.f. Mean square F - ratio 
Years 22 0.0244 0.840 
Medullation 1 0.0246 0.848 
Cannon 1 0.0025 0.085 
Lines/years 74 0.0290 1.084 
Sires/lines 704 0.0267 1.056 
Dam age 4 0.0374 1.477 
Dams/sires 1000 0.0253 1.238 
Sex 1 0.0660 3.230 




n.s. s.  
* 
n.s.S. 
n.s • 5. 
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Table 14 
Analysis of variance for trait 4, for twins. 
Regression on medullation 0.000402 /year 
Regression on cannon 	0.000117 /year 
Sire variance 	 0.000326 
Dam variance 	 0.002432 
Residual variance 	 0.020451 
Sire heritability (h) 	0.0561 ± 0.0708 
Maternal effect (1 1 ) 	0.0908 ± 0.0402 
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Table 15 
Analysis of variance for trait 5, 	for twins. 
Source D.f. Mean square F - ratio 
Years 22 1.2766 55.663 
Medullation 1 0.0013 0.005 n.s.s. 
Cannon 1 0.8311 3.624 n.s.s. 
Lines/years 74 0.2293 1.062 n.s.s. 
Sires/lines 704 0.2159 1.278 
Dam age 4 2.3157 13.714 
Dams/sires 1000 0.1689 1.359 ** 
Sex 1 0.1578 1.270 n.s.s. 
Residual 1806 0.1242 
Regression on medullation 




Sire heritability (h) 






0.2741 ± 0.0745 
0.0734 ± 0.0403 
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Table 16 
Analysis of variance for trait 1, 	for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.0545 0.868 n.s.s. 
Nedullation 1 0.1502 2.390 n.s.s. 
Cannon 1 0.1865 2.967 n.s.s. 
Lines/years 74 0.0628 0.813 n.s.s. 
Sires/lines 704 0.0773 1.159 * 
Dam age 4 0.2063 3.092 * 
Dams/sires 1000 0.0667 2.288 
Sex 1 0.0253 0.868 n.s.s. 
Birthweight 1 2.4336 83.456 
Birthwe igh tZ 1 1.7086 58.594 *** 
Residual 1804 0.0292 
Regression on medullation 	0.000994 /year 
Regression on cannon 	-0.001027 /year 
Regression on birthweight -0.538071 
Regression on birthweightt 0.087576 
Sire variance 	 0.002421 
Dam variance 	 0.018810 
Residual variance 	 0.029160 
Sire heritability (h) 	0.1922 ± 0.0878 
Maternal effect (h) 	0.3252 ± 0.0411 
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Table 17 
Analysis of variance for trait 2, 	for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.3991 3.910 
Medullation 1 0.0576 0.564 n.s.s. 
Cannon 1 0.0134 0.131 n.s.s. 
Lines/years 74 0.1021 1.095 n.s.s. 
Sires/lines 704 0.0932 1.322 
Dam age 4 0.0913 1.296 n.s.s. 
Dams/sires 1000 0.0705 1.233 ** 
Sex 1 0.2759 4.828 * 
Birthweight 1 1.9008 33.258 
Birthweighta 1 1.0593 18.535 *** 
Residual 1804 0.0572 
Regression on medullation 0.000615 /year 
Regression on cannon 0.000275 /year 
Regression on birthweight -0.475544 
Regression on birthweight 	0.068958 
Sire variance 	 0.005210 
-Dam variance 	 0.006673 
Residual variance 	 0.057154 
Sire heritability (h) 	0.3018 ± 0.0720 
Maternal effect (h) 	0.0212 ± 0.0402 
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Table 18 
Analysis of variance for trait 3, 	for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.1208 1.741 
* 
Medullation 1 0.2425 3.494 n.s.s. 
Cannon 1 0.0079 0.113 n.s.s. 
Lines/years 74 0.0694 1.328 n.s.s. 
Sires/lines 704 0.0522 1.233 
** 
Dam age 4 0.0192 0.453 n.s.s. 
Dams/sires 1000 0.0424 1.078 
* 
Sex 1 0.0554 1.410 n.s.s. 
Birthweight 1 0.0226 0.575 n.s.s. 
Birthweightt 1 0.0197 0.501 n.s.s. 
Residual 1804 0.0393 
Regression on medullatioi -0.001263 /year 
Regression on cannon 	0.000211 /year 
Regression on birthweight -0.051865 
Regression on birthweightt 0.009407 
Sire variance 	 0.002263 
Dam variance 	 0.001537 
Residual variance 	 0.039313 
Sire heritability (h) 	0.2100 ± 0.0677 
Maternal effect (h) 	-0.0169 ± 0.0401 
Page 1. 20 
Table 19 
Analysis of variance for trait 4, for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.0237 0.813 n.s.s. 
Medullation 1 0.0244 0.839 n.s.s. 
Cannon 1 0.0033 0.113 n.s.s. 
Lines/years 74 0.0291 1.087 n.s.s. 
Sires/lines 704 0.0268 1.062 * 
Dam age 4 0.0432 1.711 n.s.s. 
Dams/sires 1000 0.0252 1.233 ** 
Sex 1 0.0829 4.054 * 
Birthweight 1 0.0059 0.290 n.s.s. 
BirthweightZ 1 0.0108 0.530 n.s.s. 
Residual 1804 0.0205 
Regression on medullation 	0.000401 /year 
Regression on cannon 	0.000136 /year 
Regression on birthweight 	0.026570 
Regression on birthweight2 -0.006975 
Sire variance 	 0.000357 
Dam variance 	 0.002387 
Residual variance 	 0.020457 
Sire heritability (h) 	0.0606 ± 0.0707 
Maternal effect (h) 	0.0875 ± 0.0402 
Page 1.21 
Table 20 
Analysis of variance for trait 5, for twins. 
Source D.f. Mean square F - ratio 
Years 22 0.6572 3.200 
Medullation 1 0.0849 0.414 n.s.s. 
Cannon 1 0.0290 0.141 n.s.s. 
Lines/years 74 0.2054 1.074 n.s.s. 
Sires/lines 704 0.1913 1.263 ** 
Dam age 4 0.4601 3.038 
Dams/sires 1000 0.1515 1.329 
Sex 1 1.4588 12.803. 
Birthweight 1 9.0724 79.621 
BirthweightZ 1 5.6295 49.406 ** 
Residual 1804 0.1139 
Regression on medullation 	0.000747 /year 
Regression on cannon 	-0.000405 /year 
Regression on birthweight -1.038910 
Regression on blrthweightt 0.158965 
Sire variance 	 0.009132 
Dam variance 	 0.018784 
Residual variance 	 0.113945 
Sire heritability (h) 	0.2575 ± 0.0738 
Maternal effect (h) 	0.0680 ± 0.0403 
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Appendix 2 
Stanhope marginal deviances for sires, within years and lines, 
for two models. Data are from all pedigree lambs born at Stanhope, 
singles and twins. 
Model 1 = (Years + Lines) - (Years + Lines + Sires) 
i.e. excluding covariate effects. 
Model 2 = (Years + Lines + dam age + sex + litter size 
+ birthweight) 
- (Years + Lines + Sires + dam age + sex + litter size 
+ birthweight) 
Also heritability estimates' from the marginal deviances. 
h 	= 4*( - (s-1))/N 
8 = marginal deviance for sires 
s = number of sires 
N = total number of progeny 
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Table 1 - Trait 1. 
Marginal deviances for sires under two models. 
Model 
























Total 	1022  
1 
















48.671 n. s. 
61.470 n.s. 












56.307 n. s. 
65.764 n.s. 











60.736 n. s. 
1217.083 *** 
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Table 2 	Trait 2. 
Marginal deviances for sires under two models. 
Model 








































































Table 3 	Trait 3. 
Marginal deviances for sires under two models. 
Model 
Years D.f. 1 2 
1952 
1953 49 63.152 u.s. 64.704 u.s. 
1954 
1955 62 68.931 u.s. 66.476 u.s. 
1956 54 53.811 n.s. 52.228 n.s. 
1957 51 43.503 u.s. 43.051 u.s. 
1958 48 50.011 n.s. 53.814 u.s. 
1959 48 47.155 n.s. 48.072 u.s. 
1960 46 67.246 u.s. 67.346 u.s. 
1961 48 49.406 u.s. 49.167 u.s. 
1962 46 48.811 u.s. 49.261 n.s. 
1963 48 48.115 u.s. 47.996 n.s. 
1964 49 60.063 u.s. 60.665 n.s. 
1965 48 51.831 u.s. 53.281 u.s. 
1966 50 47.591 u.s. 49.200 n.s. 
1967 47 64.401 u.s. 64.143 n.s. 
1968 49 53.935 n.s. 51.780 u.s. 
1969 46 48.740 n.s. 49.236 u.s. 
1970 45 53.656 u.s. 54.249 n.s. 
1971 48 42.326 u.s. 41.774 u.s. 
1972 46 47.439 n.s. 48.034 n.s. 
1973 46 57.732 u.s. 58.337 u.s. 
1974 48 59.133 u.s. 61.600 u.s. 
Total 1022 1126.978 * 1134.414 ** 
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Table 4 	Trait 4. 
Marginal deviances for sires under two models. 
Model 
Years D.f. 1 2 
1952 
1953 49 17.814 n.s. 20.764 u.s. 
1954 
1955 62 33.149 u.s. 35.801 n.s. 
1956 54 59.513 n.s. 58.188 n.s. 
1957 51 43.118 u.s. 44.805 u.s. 
1958 48 58.567 u.s. 61.055 n.s. 
1959 48 34.946 n.s. 44.355 u.s. 
1960 46 34.549 n.s. 33.172 u.s. 
1961 48 28.674 n.s. 26.545 u.s. 
1962 46 52.962 u.s. 50.445 u.s. 
1963 48 24.086 n.s. 25.483 n.s. 
1964 49 47.975 n.s. 50.970 u.s. 
1965 48 43.807 u.s. 39.103 u.s. 
1966 50 36.118 u.s. 36.940 u.s. 
1967 47 56.488 u.s. 56.135 u.s. 
1968 49 44.915 u.s. 43.852 u.s. 
1969 46 48.090 u.s. 48.811 n.s. 
1970 45 45.645 u.s. 46.711 u.s. 
1971 48 40.696 n.s. 39.955 u.s. 
1972 46 30.467 u.s. 30.127 n.s. 
1973 46 42.106 u.s. 40.780 u.s. 
1974 48 36.090 u.s. 38.807 u.s. 
Total 1022 874.383 u.s. 872.604 u.s. 
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Table 5 	Trait 5. 
Marginal deviances for sires under two models. 
Model 
Year D. f. 1 2 
1952 
1953 49 74.290 * 73.427 * 
1954 
1955 62 80.419 n.s. 84.440 * 
1956 54 55.976 n.s. 62.152 n.s. 
1957 51 59.606 n.s. 57.854 n.s. 
1958 48 70.433 n.s. 77.617 * 
1959 48 57.487 n.s. 62.031 n.s. 
1960 46 41.740 n.s. 42.271 n.s. 
1961 48 43.547 n.s. 45.588 n.s. 
1962 46 43.139 n.s. 50.643 n.s. 
1963 48 47.252 n.s. 52.893 n.s. 
1964 49 87.936 * 98.672 
1965 48 62.114 n.s. 60.953 n.s. 
1966 50 50.187 n.s. 54.542 n.s. 
1967 47 59.470 n.s. 56.440 n.s. 
1968 49 41.620 n.s. 45.800 n.s. 
1969 46 51.290 n.s. 54.910 n.s. 
1970 45 53.585 n.s. 52.675 n.s. 
1971 48 62.943 n.s. 61.913 n.s. 
1972 46 44.054 n.s. 39.754 n.s. 
1973 46 47.508 n.s. 52.100 n.s. 
1974 48 71.882 * 81.740 * 
Total 1022 1206.538 1260.740 
Page 2.7 
Table 6 
Estimates of heritability, method a la Hill. 
Marginal sire effects ignoring covariate effects. 
Year Trait 
1 2 3 4 5 
1952-54 0.0566 -0.0022 0.0532 -0.1172 0.0951 
1955 -0.0238 0.0308 0.0345 -0.1435 0.0916 
1956 0.0096 0.0235 -0.0007 0.0201 0.0072 
1957 0.0436 0.0419 -0.0254 -0.0267 0.0072 
1958 0.0501 0.0927 0.0077 -0.0351 0.0746 
1959 0.1008 0.0124 -0.0025 -0.0387 0.0281 
1960 0.0158 0.0502 0.0718 -0.0387 -0.0144 
1961 0.0297 -0.0027 0.0049 -0.0673 -0.0155 
1962 0.0453 0.0094 0.0097 0.0241 -0.0099 
1963 -0.0008 0.0156 0.0004 -0.0859 -0.0027 
1964 0.1314 -0.0193 0.0429 -0.0040 0.1511 
1965 0.0143 0.0400 0.0130 -0.0143 0.0480 
1966 0.1595 0.0401 -0.0096 -0.0555 0.0007 
1967 -0.0025 0.0171 0.0606 0.0330 0.0434 
1968 -0.0065 0.1073 0.0172 -0.0142 -0.0257 
1969 0.0026 0.0142 0.0093 0.0071 0.0179 
1970 0.0128 0.0408 0.0303 0.0023 0.0300 
1971 0.0504 0.0572 -0.0213 -0.0274 0.0560 
1972 0.0013 -0.0133 0.0050 -0.0539 -0.0068 
1973 -0.0182 -0.0097 0.0384 -0.0128 0.0049 
1974 0.0557 0.0199 0.0360 -0.0385 0.0772 
Overall 0.0346 0.0269 0.0176 -0.0248 0.0310 
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Table 7 
Estimates of heritability, method a la Hill. 
Marginal sire effects including covariate effects. 
Year Trait 
1 2 3 4 5 
1952-54 0.0394 -0.0075 0.0590 -0.1061 0.0918 
1955 -0.0212 0.0604 0.0223 -0.1313 0.1116 
1956 0.0237 0.0486 -0.0065 0.0153 0.0298 
1957 0.0369 0.0261 -0.0269 -0.0210 0.0298 
1958 0.0564 0.1208 0.0193 -0.0434 0.0985 
1959 0.0379 0.0379 0.0002 -0.0108 0.0416 
1960 0.0325 0.0398 0.0721 -0.0433 -0.0126 
1961 0.0289 0.0027 0.0041 -0.0748 -0.0084 
1962 0.0684 0.0342 0.0133 0.0154 0.0161 
1963 0.0030 0.0231 -0.0001 -0.0809 0.0176 
1964 0.1240 0.0155 0.0453 0.0076 0.1927 
1965 0.0154 0.0384 0.0180 -0.0303 0.0441 
1966 0.1667 0.0336 -0.0032 -0.0522 0.0182 
1967 -0.0006 0.0205 0.0597 0.0318 0.0329 
1968 -0.0009 0.1371 0.0097 -0.0179 -0.0111 
1969 0.0036 0.0132 0.0110 0.0095 0.0302 
1970 0.0094 0.0281 0.0324 0.0060 0.0269 
1971 0.0536 0.0606 -0.0233 -0.0301 0.0521 
1972 0.0014. -0.0129 0.0071 -0.0551 -0.0217 
1973 -0.0188 -0.0033 0.0404 -0.0171 0.0200 
1974 0.0412 0.0512 0.0440 -0.0297 0.1091 
Overall 0.0328 0.0365 0.0189 -0.0251 0.0401 
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Table 8 
Estimates of heritability, from simulation studies. 
Marginal sire effects ignoring covariate effects, singles and twins. 
Year Trait 
1 2 3 4 5 
1952-54 0.5091 -0.0540 0.1100 -3.0964 0.1705 
1955 -0.2643 0.0112 -0.0557 -1.4754 0.0899 
1956 -0.0616 0.2239 -0.1838 0.0563 -040260 
1957 0.3872 0.1923 -0.4922 -0.3880 0.0142. 
1958 0.2618 0.3777 -0.0753 1.0873 0.1688 
1959 0.7939 0.0237 -0.2066 0.3566 0.0310 
1960 -0.0670 0.1791 0.4615 0.5747 -0.0845 
1961 0.0783 -0.1978 -0.1211 -0.8813 -0.0919 
1962 0.2225 -0.1142 -0.0329 0.8164 -0.0862 
1963 -0.1797 -0.0059 -0.1276 -1.7863 -0.0315 
1964 0.7700 -0.1622 0.0521 0.1381 0.2901 
1965 -0.0827 0.1697 0.0084 2.1055 0.0894 
1966 0.5767 0.0294 -0.1928 0.3028 -0.0204 
1967 -0.1968 -0.0477 0.1912 1.0153 0.0803 
1968 -0.2122 0.3022 -0.0508 2.1432 -0.0763 
1969 -0.1380 -0.0516 -0.1137 0.3994 0.0201 
1970 0.0110 0.0827 0.2568 0.2769 0.0410 
1971 0.2174 0.5332 -0.4286 -0.3786 0.0970 
1972 -0.1508 -0.3527 -0.1184 -0.2660 -0.1082 
1973 -0.3234 -0.3119 0.3938 -0.1128 -0.0647 
1974 0.6224 0.1138 1.1321 0.5824 0.2067 
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Table 9 
Estimates of heritability, from simulation studies 
Marginal sire effects including covariate effects, singles and twins 
Year Trait 
1 2 3 4 5 
1 2 3 4 5 
1952-54 0.3025 -0.0675 0.1390 -2.5260 0.1643 
1955 -0.2532 0.0518 -0.0997 -1.0702 0.1126 
1956 0.09685 0.1719 -0.2163 0.0021 0.0257 
1957 0.3024 0.0428 -0.5117 -0.2578 -0.0057 
1958 0.3150 0.5396 0.0996 1.2914 0.2365 
1959 0.1985 0.4193 -0.1644 2.2136 0.0860 
1960 0.0526 0.1049 0.4644 0.2911 -0.0792 
1961 0.0725 -0.1621 0.1278 -1.3015 -0.0720 
1962 0.4181 0.0592 -0.0113 0.6010 -0.0050 
1963 -0.1303 -0.0247 -0.1295 -1.5111 0.0160 
1964 0.7182 -0.0456 0.0634 0.3788 0.3761 
1965 -0.0754 0.1561 0.0751 1.1770 0.0780 
1966 0.6098 0.0018 -0.1633 0.4585 0.0138 
1967 -0.1842 -0.0317 0.1861 0.9858 0.0561 
1968 -0.1673 0.4129 -0.0851 1.9377 -0.0442 
1969 -0.1291 -0.0565 -0.1017 0.4611 0.0512 
1970 -0.0377 0.0088 0.2859 0.3702 0.0315 
1971 0.2413 0.5751 -0.4540 -0.4394 0.0845 
1972 -0.1498 -0.3476 -0.1010 -0.3360 -0.1625 
1973 -0.3289 -0.2174 0.4229 -0.2263 -0.0067 
1974 0.4265 0.5589 1.3361 1.1186 0.3234 
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Table 10 
Estimates of heritability, from simulation studies. 
Marginal sire effects ignoring covariate effects, twins. 
Year Trait 
1 2 3 4 5 
1952-54 1.8871 0.7876 -0.8600 1.6999 0.5082 
1955 0.2205 0.7237 -1.1110 -1.9334 0.1515 
1956 - 0.1319 1.2590 - 0.9034 
1957 1.2876 3.8105 2.4171 4.4752 3.3233 
1958 2.5542 2.2059 -5.2204 3.8053 0.4313 
1959 8.9576 2.2611 6.2239 0.3704 1.6227 
1960 2.6377 0.8122 1.0871 -2.9471 0.5263 
1961 5.2059 -0.6664 2.3213 -0.9557 -0.2334 
1962 2.7350 0.8518 -3.7460 2.0089 1.1734 
1963 -2.3118 0.8574 3.4986 -3.7180 1.4110 
1964 -0.9226 - -3.2357 -4.0465 0.2334 
1965 -0.1454 -1.0560 -3.1734 -1.4187 0.2094 
1966 2.8826 -2.6665 0.7182 - 1.1029 
1967 4.7545 -1.1718 -2.3824 - 1.0519 
1968 0.0481 0.5709 -1.6118 -2.0273 0.2594 
1969 -2.5408 1.5565 -2.1221 -6.4789 0.9093 
1970 -0.4852 2.6293 -3.3228 -0.5820 0.5367 
1971 -0.4863 -2.6454 3.4130 -1.2123 0.7356 
1972 0.6764 1.2995 -1.7642 - -0.2368 
1973 0.5983 -1.2111 -1.2914 -0.0100 0.0402 
1974 11.5748 3.4583 6.0725 -4.5260 2.0981 
6 
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Table 11 
Estimates of heritability, from simulation studies. 
Marginal sire effects including covariate effects, twins. 
Year Trait 
1 2 3 4 5 
1952-54 -0.6418 0.4852 0.4083 -2.2547 0.9514 
1955 -1.5196 1.4877 -0.0542 -1.4570 0.0488 
1956 - 1.8635 4.1646 - 1.4550 
1957 5.2631 -1.1128 1.6021 -3.3786 2.4111 
1958 5.1874 4.4075 -2.5165 4.3134 0.8702 
1959 7.2109 5.9510 7.1774 14.7008 1.2837 
1960 1.3680 0.9726 1.0494 -3.6752 -0.0638 
1961 3.5866 -0.2229 0.4658 -3.8693 -0.6737 
1962 4.6579 -0.1578 -0.6447 -3.0209 1.6276 
1963 -1.4824 - 2.2584 -2.3512 2.1768 
1964 - - -4.3849 - 0.0800 
1965 0.5947 -2.4297 -3.3812 - 0.4955 
1966 - -1.9195 2.0297 - -0.0820 
1967 -3.2777 -0.6742 -1.0806 0.5838 0.8306 
1968 -2.7707 2.0482 -1.3772 - 0.2103 
1969 -1.7544 2.4468 -3.3885 -0.3555 1.1623 
1970 4.9053 1.5275 4.6062 4.6400 1.3709 
1971 3.2184 -2.7212 0.9006 9.1540 0.8672 
1973 -0.0747 -2.8678 -1.0631 -0.4897 -0.5534 
1974 13.8064 -5.5000 10.2821 -3.3651 2.3920 
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Appendix 3 
Analyses of variance of Rhydyglafes singles lamb data, excluding 
and including birthweight and bi rthweightZ, birthcoat type and 
(birthcoat type)?- as covariates, Tables 1 to 10. 
Analyses of variance of Rhydyglafes twin lamb data excluding and 
including birthweight and birthweighta, birthcoat type and (birthcoat 
type)2 as covariates, Tables 11 to 21. 
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Table 	1 
Analysis of variance for trait 1, singles. 
Source D.f. Mean square F - ratio 
Years 22 0.041177 1.593 * 
Bc. 	sel. 1 0.030659 1.186 n.s.s. 
Lines/years 59 0.025846 1.408 * 
Sires/lines 475 0.018352 0.805 n.s.s. 
Dam age 4 0.065219 2.862 * 
Mountain 1 0.008891 0.390 n.s.s. 
Pedigree 1 0.015024 0.659 n.s.s. 
Sex 1 0.248100 10.886 *** 
Residual 7498 0.022790 
Regression of mortality 
Regression of mortality 




on birthcoat selection 	0.000185 
on Mountain selection 	-0.059982 
on Pedigree selection 	-0.084654 
-0.000316 
0.022790 
-0.0562 ± 0.0163 
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Table 2 
Analysis of variance for trait 2, singles. 
Source D.f. Mean square F - ratio 
Years 22 0.179843 2.810 
Be. 	sel. 1 3.587439 56.057 
Lines/years 59 0.063996 1.468 
Sires/lines 475 0.043587 0.954 
Dam age 4 0.410740 8.994 
Mountain 1 0.001408 0.031 
Pedigree 1 0.085329 1.868 
Sex 1 0.220176 0.055 








Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 









-0.0130 ± 0.0184 
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Table 3 
Analysis of variance for trait 3, singles. 
Source D.f. Mean square F - ratio 
Years 22 0.049541 1.788 
Bc. 	sel. 1 0.010398 0.375 
Lines/years 59 0.027715 1.503 
Sires/lines 475 0.018434 0.752 
Dam age 4 0.031620 1.290 
Mountain 1 0.008157 0.333 
Pedigree 1 0.181041 7.386 
Sex 1 0.106654 4.351 









Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 









-0.0719 ± 0.0155 
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Table 	4 
Analysis of variance for trait 4, 	singles. 
Source D.f. Mean square F - ratio 
Years 22 0.008303 1.113 n.s.s. 
Bc. 	sel. 1 0.001333 0.179 n.s.s. 
Lines/years 59 0.007459 0.943 n.s.s. 
Sires/lines 475 0.007450 0.702 n.s.s. 
Dam age 4 0.000189 0.018 n.s.s. 
Mountain 1 0.013576 1.278 n.s.s. 
Pedigree 1 0.001761 0.166 n.s.s. 
Sex 1 0.005779 0.544 n.s.s. 
Residual 7498 0.010620 
Regression of mortality on birthcoat selection 	0.000039 
Regression of mortality on Mountain selection 	-0.074121 
Regression of mortality on Pedigree selection 	-0.028986 
Sire variance 	 -0.000193 
Residual variance 	 0.010620 
Heritability 	 -0.0741 ± 0.0148 
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Table 	5 
Analysis of variance for trait 5, 	singles. 
Source D.f. Mean square F - ,ratio 
Years 22 0.409440 2.712 
Bc. 	sel. 1 2.407897 16.547 *** 
Lines/years 59 0.150955 1.887 ** 
Sires/lines 475 0.080010 0.844 n.s.s. 
Dam age 4 1.034722 10.915 *** 
Mountain 1 0.006883 0.073 n.s.s. 
Pedigree 1 0.088757 0.936 n.s.s. 
Sex 1 0.318915 3.364 n.s.s. 
Residual 7498 0.094796 
Regression of mortality 
Regression of mortality 




on birthcoat selection 	-0.001668 
on Mountain selection 	-0.052778 
on Pedigree selection 	-0.205757 
-0.001053 
0.094796 
-0.0449 ± 0.0168 
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Table 	6 
Analysis of variance for trait 1, 	singles. 
Source D.f. Mean square F - ratio 
Years 22 0.054003 1.980 * 
Bc. 	sel. 1 0.072928 2.674 n.s.s. 
Lines/years 59 0.027373 1.538 * 
Sires/lines 475 0.017738 0.806 n.s.s. 
Dam age 4 0.026678 1.213 n.s.s. 
Mountain 1 0.012380 0.563 n.s.s. 
Pedigree 1 0.010815 0.492 n.s.s. 
Sex 1 0.208251 9.468 ** 
Bwt 1 5.383004 244.726 
Bwt2 1 4.957112 225.364 *** 
Bc 1 0.182743 8.308 ** 
BcZ 1 0.294123 13.372 
Residual 7494 0.021996 
Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 
Regression of mortality on Pedigree selection 
Regression of mortality on bwt 
Regression of mortality on bwt 
Regression of mortality on bc 













-0.0560 ± 0.0163 
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Table 	7 
Analysis of variance for trait 2, singles. 
Source D.f. Mean square F - ratio 
Years 22 0.149893 3.179 *** 
Bc. 	sel. 1 0.466772 9.898 ** 
Lines/years 59 0.047158 1.132 n.s.s. 
Sires/lines 475 0.041665 0.963 n.s.s. 
Dam age 4 0.038446 0.889 n.s.s. 
Mountain 1 0.000253 0.006 n.s.s. 
Pedigree 1 0.086869 2.009 n.s.s. 
Sex 1 0.626633 14.489 
Bwt 1 9.624932 222.552 
BwtZ 1 6.759697 156.301 *** 
Bc 1 0.980967 22.682 
Bc2 1 0.848767 19.626 
Residual 7494 0.043248 
Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 
Regression of mortality on Pedigree selection 
Regression of mortality on bwt 
Regression of mortality on bwt2 
Regression of mortality on bc 













-0.0105 ± 0.0185 
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Table 	8 
Analysis of variance for trait 3, 	singles. 
Source D.f. Mean square F - ratio 
Years 22 0.051718 1.908 * 
Bc. 	sel. 1 0.066600 2.457 n.s.s. 
Lines/years 59 0.027111 1.464 * 
Sires/lines 475 0.018523 0.755 n.s.s. 
Dam age 4 0.026282 1.072 n.s.s. 
Mountain 1 0.007795 0.318 n.s.s. 
Pedigree 1 0.179363 7.317 ** 
Sex 1 0.111861 4.563 * 
Bwt 1 0.015279 0.623 n.s.s. 
BwtZ 1 0.014347 0.585 n.s.s. 
Bc 1 0.003477 0.142 n.s.s. 
Bct 1 0.000089 0.004 n.s.s. 
Residual 7494 0.024513 
Regression of mortality on birthcat selection 
Regression of mortality on Mountain selection 
Regression of mortality on Pedigree selection 
Regression of mortality on bwt 
Regression of mortality on bwtt 
Regression of mortality on bc 













-0.0710 ± 0.0156 
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Table 	9 
Analysis of variance for trait 4, 	singles. 
Source D.f. tlean square 	F - ratio 
Years 22 0.008367 1.141 n.s.s. 
Be. 	sel. 1 0.013196 1.800 n.s.s. 
Lines/years 59 0.007333 0.929 n.s.s. 
Sires/lines 475 0.007895 0.743 n.s.s. 
Dam age 4 0.000198 0.019 n.s.s. 
Mountain 1 0.013276 1.250 n.s.s. 
Pedigree 1 0.001809 0.170 n.s.s. 
Sex 1 0.004777 0.450 n.s.s. 
Bwt 1 0.004307 0.405 n.s.s. 
Bwta 1 0.004658 0.438 n.s.s. 
Bc 1 0.002195 0.207 n.s.s. 
Bc 1 0.003938 0.371 n.s.s. 
Residual 7494 0.010623 
Regression of mortality on birthcoat selection 
Regression of mortality in Mountain selection 
Regression of mortality on Pedigree selection 
Regression of mortality on bwt 
Regression of mortality on bwt2 
Regression of mortality on be 













-0.0746 ± 0.0154 
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Table 	10 
Analysis of variance for trait 5, singles. 
Source D.f. Mean square 	F - ratio 
Years 22 0.407998 3.318 
Be. 	sd. 1 0.336769 2.739 n.s.s. 
Lines/years 59 0.122949 1.589 * 
Sires/lines 475 0.077372 0.867 n.s.s. 
Dam age 4 0.207762 2.329 n.s.s. 
Mountain 1 0.014956 0.168 n.s.s. 
Pedigree 1 0.075796 0.850 n.s.s. 
Sex 1 0.712962 7.991 ** 
Bwt 1 30.036077 336.652 
Bwt 1 23.794196 266.691 
Bc 1 2.044992 22.921 
Bct 1 1.988931 22.292 *** 
Residual 7494 0.089220 
Regression of mortality on birthcoat selection -0.000991 
Regression of mortality on Mountain selection -0.077815 
Regression of mortality on Pedigree selection -0.190166 
Regression of mortality on bwt -0.823944 
Regression of mortality on bwtt 0.123148 
Regression of mortality on bc -0.081053 
Regression of mortality on bct 0.008284 
Sire variance -0.000845 
Residual variance 0.089220 
Heritability -0.0382 ± 0.0172 
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Table 11 
Analysis of variance for trait 1, twins. 
Source D.f. Mean square 
Years 22 0.0456 
Bc. 	sel. 1 0.0147 
Lines/years 59 0.0407 
Sires/lines 429 0.0327 
Dam age 4 0.0252 
Mountain 1 0.00001 
Pedigree 1 0.3670 
Dams/sires 1713 0.0278 
Sex 1 0.0914 
Residual 2230 0.0076 











Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.1269 ± 0.0602 
0.5219 ± 0.0233 
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Table 18 
Analysis of variance for trait 3, twins. 
Source D.f. Mean square 
Years 22 0.0913 
Bc. 	sel. 1 0.0633 
Lines/years 59 0.0335 
Sires/lines 429 0.0313 
Dam age 4 0.1042 
Mountain 1 0.0268 
Pedigree 1 0.0006 
Dams/sires 1713 0.0293 
Sex 1 0.0588 
Bwt 1 0.0089 
Bwt 1 0.0057 
Bc 1 0.0046 
Bc 1 0.0003 
Residual 2226 0.0246 















Regression of mortality on blrthcoat selection 
Regression of mortality on Mountain selection 












0.0350 ± 0.0406 
0.0783 ± 0.0273 
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Table 19 
Analysis of variance for trait 4, twins. 
Source D.f. Mean square 
Years 22 0.0242 
Bc. 	sel. 1 0.0009 
Lines/years 59 0.0136 
Sires/lines 429 0.0106 
Dam age 4 0.0021 
Mountain 1 0.000002 
Pedigree 1 0.0001 
Dams/sires 1713 0.0097 
Sex 1 0.0044 
Bwt 1 0.0002 
Bwt 1 0.0002 
Bc 1 0.0001 
BcZ 1 0.0008 
Residual 2226 0.0085 















Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.0455 ± 0.0403 
0.0533 ± 0.0275 
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Table 20 
Analysis of variance for trait 5, twins. 
Source D.f. Mean square 
Years 22 0.6484 
Bc. 	sel. 1 0.0028 
Lines/years 59 0.2325 
Sires/lines 429 0.1591 
Dam age 4 0.1660 
Mountain 1 0.1026 
Pedigree 1 0.2070 
Darns/sires 1713 0.1389 
Sex 1 1.0061 
Bwt 1 7.6573 
BwtZ 1 4.8376 
Bc 1 1.2809 
Bc 2. 1 0.8471 
Residual 2226 0.0903 















Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.0818 ± 0.0467 
0.1873 ± 0.0263 
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Table 12 
Analysis of variance for trait 2, twins. 
Source D.f. Mean square 
Years 22 0.6914 
Bc. 	sel. 1 9.5483 
Lines/years 59 0.2129 
Sires/lines 429 0.1226 
Dam age 4 0.3332 
Mountain 1 0.0045 
Pedigree 1 0.0093 
Dams/sires 1713 0.1019 
Sex 1 0.0585 
Residual 2230 0.0663 










Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.1135 ± 0.0478 
0.1768 ± 0.0265 
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Table 13 
Analysis of variance for trait 3, twins. 
Source D.f. Mean square 
Years 22 0.0930 
Bc. 	sel. 1 0.0293 
Lines/years 59 0.0341 
Sires/lines 429 0.0312 
Dam age 4 0.1137 
Mountain 1 0.0285 
Pedigree 1 0.0005 
Dams/sires 1713 0.0293 
Sex 1 0.0537 
Residual 2230 0.0245 











Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 
Regression of mortality on Pedigree selection 
Sire variance 










0.0323 ± 0.0406 
0.0802 ± 0.0272 
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Table 14 
Analysis of variance for trait 4, twins. 
Source D.f. Mean square 
Years 22 0.0246 
Bc. 	sel. 1 0.0055 
Lines/years 59 0.0138 
Sires/lines 429 0.0105 
Dam age 4 0.0010 
Mountain 1 0.00001 
Pedigree 1 0.00002 
Dams/sires 1713 0.0098 
Sex 1 0.0037 
Residual 2230 0.0085 











Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.0407 ± 0.0401 
0.0566 ± 0.0275 
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Table 15 
Analysis of variance for trait 5, twins. 
Source D.f. Mean square 
Years 22 0.9358 
Bc. 	sel. 1 7.4171 
Lines/years 59 0.3069 
Sires/lines 429 0.1825 
Dam age 4 0.7116 
Mountain 1 0.0555 
Pedigree 1 0.2336 
Dams/sires 1713 0.1494 
Sex 1 0.0123 
Residual 2230 0.0976 










Regression of mortality on birthcoat selection -0.002982 
Regression of mortality on Mountain selection 0.437387 
Regression of mortality on Pedigree selection -0.858432 
Sire variance 0.003908 
Dam variance 0.025907 
Residual variance 0.097640 
Sire heritability 0.1227 ± 0.0480 
Maternal effect 0.1726 ± 0.0265 
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Table 16 
Analysis of variance for trait 1, twins. 
Source D.f. Mean square 
Years 22 0.0509 
Bc. 	sel. 1 0.0019 
Lines/years 59 0.0392 
Sires/lines 429 0.0313 
Dam age 4 0.0257 
Mountain 1 0.0013 
Pedigree 1 0.3585 
Dams/sires 1713 0.0262 
Sex 1 0.00001 
Bwt 1 0.2179 
Bwt2 1 0.1708 
Bc 1 0.0049 
Bc 1 0.0128 
Residual 2226 0.0073 















Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.1386 ± 0.0604 
0.5114 ± 0.0234 
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Table 17 
Analysis of variance for trait 2, twins. 
Source D.f. Mean square 
Years 22 0.4540 
Bc. 	sel. 1 0.0342 
Lines/years 59 0.1752 
Sires/lines 429 0.1098 
Dam age 4 0.0326 
Mountain 1 0.0147 
Pedigree 1 0.0131 
Dams/sires 1713 0.0972 
Sex 1 0.6773 
Bwt 1 4.9268 
BwtZ 1 2.9745 
Bc 1 1.0093 
Bct 1 0.6662 
Residual 2226 0.0613 















Regression of mortality on birthcoat selection 
Regression of mortality on Mountain selection 












0.0735 ± 0.0469 
0.2043 ±. 0.0261 
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Table 21 
Regression of mortality on birthweight and birthcoat. 
Trait 
1 2 
b 	, linear -0.150731 -0.716722 
b%. 	, quadratic 0.026617 0.111060 
b 	, linear -0.008471 -0.121102 
b 	, quadratic 0.001427 0.010316 
Trait 
4 5 
b. 	, linear 0.004419 -0.893519 
b 	, quadratic -0.000886 0.141634 
b 	, linear 0.001341 -0.136432 








Marginal deviances for sires, within years and lines, for two 
models. 
Model 1 = (Yrs + Lns) - (Yrs + Lns + Sires) 
i.e. excluding covariate effects. 
Model  = (Yrs + Lns + da + sex + bt + bwt + bc) 
- (Yrs + Lns + Sires + da + sex + bt + bwt + bc) 
i.e. including covariate effects. 
Yrs = Years 
Lns = Lines 
da = dam age 
bt = litter size 
bwt 	birthweight 
bc = birthcoat type 
Also heritability estimates from the marginal deviances. 
h 	= 4*(& - (s-1))/N 
8 = marginal deviance for sires 
s = number of sires 
N = total number of progeny 
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Table 1 	Trait 1. 
Marginal deviances for sires under two models. 
Model 
Years D.f. 1 2 
1953 10 4.6339 n.s.s. 1.697 n.s.s. 
1954 22 17.5435 n.s.s. 17.5434 n.s.s. 
1955 18 7.4901 n.s.s. 4.649 n.s.s. 
1956 21 15.8790 n.s.s. 21.0367 n.s.s. 
1957 22 24.333 n.s.s. 26.712 n.s.s. 
1958 19 17.161 n.s.s. 18.100 n.s.s. 
1959 16 17.944 n.s.s. 13.577 n.s.s. 
1960 21 20.465 n.s.s. 20.0378 n.s.s. 
1961 20 15.199 n.s.s. 16.144 n.s.s. 
1962 20 18.209 n.s.s. 20.8652 n.s.s. 
1963 18 18.4799 n.s.s. 17.3033 n.s.s. 
1964 21 22.3865 n.s.s. 23.5081 n.s.s. 
1965 22 22.146 n.s.s. 24.5604 n.s.s. 
1966 34 31.135 n.s.s. 29.3238 n.s.s. 
1967 18 21.447 n.s.s. 24.6399 n.s.s. 
1968 13 5.6704 n.s.s. 3.4916 n.s.s. 
1969 14 15.664 n.s.s. 14.761 n.s.s. 
1970 14 17.757 n.s.s. 17.353 n.s.s. 
1971 14 25.949 * 21.307 n.s.s. 
1972 14 13.642 n.s.s. 27.293 * 
1973 20 25.806 n.s.s. 23.312 n.s.s. 
1974 42 4.041 n.s.s. 0.250 n.s.s. 
1975 55 44.081 n.s.s. 39.016 n.s.s. 
Overall 488 427.062 n.s.s. 426.4804 n.s.s. 
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Table 2 	Trait 2. 
Marginal deviances for sires under two models. 
Model 
Years D. f. 1 2 
1953 10 18.0788 n.s.s. 18.006 n.s.s. 
1954 22 20.826 n.s.s. 18.942 n.s.s. 
1955 18 15.945 n.s.s. 14.454 n.s.s. 
1956 21 25.326 n.s.s. 25.632 n.s.s. 
1957 22 21.596 n.s.s. 22.033 n.s.s. 
1958 19 24.363 n.s.s. 28.488 n.s.s. 
1959 16 20.389 n.s.s. 28.488 * 
1960 21 27.552 n.s.s. 25.661 n.s.s. 
1961 20 23.399 n.s.s. 25.538 n.s.s. 
1962 20 27.894 n.s.s. 24.457 n.s.s. 
1963 18 21.817 n.s.s. 35.061 ** 
1964 21 20.091 n.s.s. 24.714 n.s.s. 
1965 22 34.934 * 26.714 n.s.s. 
1966 34 52.829 * 51.051 * 
1967 18 28.488 n.s.s. 29.351 n.s.s. 
1968 13 13.365 n.s.s. 11.740 n.s.s. 
1969 14 13.429 n.s.s. 21.041 n.s.s. 
1970 14 15.939 n.s.s. 12.002 n.s.s. 
1971 14 21.342 n.s.s. 22.148 n.s.s. 
1972 14 29.315 * 27.936 * 
1973 20 24.524 n.s.s. 28.746 n.s.s. 
1974 42 14.005 n.s.s. 13.0995 n.s.s. 
1975 55 30.846 n.s.s. 32.4383 n.s.s. 
Overall 488 556.928 549.3378 
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Table 3 	Trait 3. 
Marginal deviances for sires under two models. 
Model 
Years D.f. 1 2 
1953 10 6.814 n.s.s. 6.777 n.s.s. 
1954 22 19.383 n.s.s. 19.167 n.s.s. 
1955 18 22.545 n.s.s. 22.077 n.s.s. 
1956 21 21.641 n.s.s. 21.812 n.s.s. 
1957 22 15.913 n.s.s. 21.599 n.s.s. 
1958 19 13.518 n.s.s. 14.9367 n.s.s. 
1959 16 9.7908 n.s.s. 10.0228 n.s.s. 
1960 21 15.6398 n.s.s. 15.4674 n.s.s. 
1961 20 25.668 n.s.s. 26.630 n.s.s. 
1962 20 27.637 n.s.s. 32.494 * 
1963 18 20.452 n.s.s. 19.691 n.s.s. 
1964 21 17.841 n.s.s. 14.794 n.s.s. 
1965 22 19.698 n.s.s. 19.9813 n.s.s. 
1966 34 30.783 n.s.s. 29.875 n.s.s. 
1967 18 27.2984 n.s.s. 26.0286 n.s.s. 
1968 13 11.1064 n.s.s. 15.5722 n.s.s. 
1969 14 15.0087 n.s.s. 15.7737 n.s.s. 
1970 14 17.0547 n.s.s. 17.8577 n.s.s. 
1971 14 19.388 n.s.s. 24.6849 * 
1972 14 11.8814 n.s.s. 16.2731 n.s.s. 
1973 20 19.516 n.s.s. 17.658 n.s.s. 
1974 42 11.8115 n.s.s. 11.6712 n.s.s. 
1975 55 23.2445 n.s.s. 23.3112 n.s.s. 
Overall 488 423.631 n.s.s. 444.1558 n.s.s. 
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Table 4 	Trait 4. 
Marginal deviances for sires under two models. 
Model 
Years D.f. 1 2 
1953 10 8.2519 n.s.s. 9.6693 n.s.s. 
1954 22 11.0592 n.s.s. 12.3831 n.s.s. 
1955 18 21.3235 n.s.s. 22.2237 n.s.s. 
1956 21 18.6391 n.s.s. 20.5649 n.s.s. 
1957 22 25.7136 n.s.s. 31.5649 n.s.s. 
1958 19 14.7179 n.s.s. 15.1679 n.s.s. 
1959 16 14.6667 n.s.s. 15.1679 n.s.s. 
1960 21 9.7545 n.s.s. 11.8697 n.s.s. 
1961 20 17.4644 n.s.s. 17.4813 n.s.s. 
1962 20 14.8905 n.s.s. 16.2094 n.s.s. 
1963 18 6.0271 n.s.s. 4.8101 n.s.s. 
1964 21 9.9579 n.s.s. 21.8428 n.s.s. 
1965 22 8.2423 n.s.s. 14.9144 n.s.s. 
1966 34 16.5527 n.s.s. 17.2836 n.s.s. 
1967 18 7.2899 n.s.s. 20.09098 n.s.s. 
1968 13 9.6194 n.s.s. 13.3124 n.s.s. 
1969 14 16.0159 n.s.s. 16.3908 n.s.s. 
1970 14 17.4754 n.s.s. 16.1939 n.s.s. 
1971 14 4.0494 n.s.s. 6.301 n.s.s. 
1972 14 9.4852 n.s.s. 17.8659 n.s.s. 
1973 20 5.8665 n.s.s. 2.8733 n.s.s. 
1974 42 9.5894 n.s.s. 9.3048 n.s.s. 
1975 55 8.7436 n.s.s. 6.6271 n.s.s. 
Overall 488 285.3960 n.s.s. 334.1521 n.s.s. 
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Table 5 	Trait 5. 
Marginal deviances for sires under two models. 
Model 













































































Table 6, Estimates of heritability, a la Hill. 
Marginal sire effects ignoring covariate effects. 
1 2 3 4 5 
1953 -0.0565 0.0850 -0.0335 -0.0184 0.1308 
1954 -0.0291 -0.0077 -0.0171 -0.0715 0.0088 
1955 -0.0711 -0.0139 0.0308 0.0225 -0.0171 
1956 -0.0363 0.0307 0.0045 -0.0167 0.0339 
1957 0.0150 -0.0026 -0.0391 0.0238 -0.0385 
1958 -0.0125 0.0364 -0.0372 -0.0291 -0.0478 
1959 0.0155 0.0350 -0.0495 -0.0106 0.0957 
1960 -0.0034 0.0413 -0.0338 -0.0708 -0.0029 
1961 -0.0329 0.0233 0.0389 -0.0174 0.0280 
1962 -0.0112 0.0495 0.0479 -0.0320 0.0564 
1963 0.0040 0.0315 0.0202 -0.0987 -0.0049 
1964 0.0100 -0.0065 -0.0227 -0.0793 -0.0103 
1965 0.0011 0.0944 -0.0168 -0.1004 0.0565 
1966 -0.0164 0.1077 -0.0184 -0.0998 0.0615 
1967 0.0271 0.0824 0.0731 -0.0842 0.0196 
1968 -0.0691 0.0034 -0.0179 -0.0319 -0.0313 
1969 0.0145 -0.0050 0.0088 0.0175 0.0358 
1970 0.0322 0.0166 0.0262 0.0298 -0.0021 
1971 0.0988 0.0607 0.0445 -0.0822 0.0582 
1972 -0.0029 0.1250 -0.0173 0.0011 0.0644 
1973 0.0382 0.0298 -0.0032 -0.0930 0.0677 
1974 -0.2543 -0.1876 -0.2023 -0.2172 -0.1907 
1975 -0.0818 -0.1809 -0.2379 -0.3465 0.0046 
Overall -0.0194 0.0219 -0.0102 -0.0602 0.0142 
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Table 7, Estimates of heritability, a la Hill. 
Marginal sire effects including covariate effects. 
1 2 3 4 5 
1953 -0.0874 0.0843 -0.0339 -0.0035 0.0924 
1954 -0.0291 -0.0200 -0.0185 -0.0629 0.0050 
1955 -0.0904 -0.0240 0.0276 0.0286 -0.0284 
1956 0.0003 0.0329 0.0058 -0.0031 0.0064 
1957 0.0303 0.0002 -0.0026 0.0614 -0.0280 
1958 -0.0061 0.0007 -0.0276 -0.0260 -0.0671 
1959 -0.0193 0.0995 -0.0476 -0.0066 0.1624 
1960 -0.0061 0.0294 -0.0349 -0.0575 -0.0270 
1961 -0.0265 0.0380 0.0455 -0.0173 0.0593 
1962 0.0054 0.0279 0.0783 -0.0238 0.0264 
1963 -0.0057 0.1407 0.0139 -0.1088 0.0598 
1964 0.0180 0.0267 -0.0446 0.0061 -0.0055 
1965 0.0187 0.0344 -0.0147 -0.0517 0.0594 
1966 -0.0268 0.0976 -0.0236 -0.0957 0.0553 
1967 0.0522 0.0892 0.0631 0.0164 0.0296 
1968 -0.0897 -0.0119 0.0243 0.0029 -0.0376 
1969 0.0066 0.0612 0.0154 0.0208 0.0020 
1970 0.0288 -0.0172 0.0331 0.0188 -0.0362 
1971 0.0604 0.0673 0.0883 -0.0636 0.0698 
1972 0.1085 0.1138 0.0186 -0.0010 0.0848 
1973 0.0218 0.0575 -0.0154 -0.1127 0.0901 
1974 -0.2797 -0.1936 -0.2032 -0.2191 -0.1884 
1975 -0.1197 -0.1690 -0.2374 -0.3623 -0.0110 
Overall -0.0196 0.0195 -0.0139 -0.0457 0.0139 
Page 4.9 
Table 8 
Estimates of heritability, from simulation studies. 
Marginal sire effects ignoring covariate effects, singles and twins. 
Year Trait 
1 2 3 4 5 
1953 -2.1506 1.6140 -0.5339 1.2769 -0.1849 
1954 1.0140 -0.2324 -0.3207 -1.7376 -0.3719 
1955 -2.0785 -0.3067 0.1795 0.9475 0.0320 
1956 -0.7073 0.0315 -0.5233 -0.2222 -0.0934 
1957 -0.0177 -0.2096 -0.5233 0.8851 0.0288 
1958 -0.2590 0.2196 0.1996 0.7979 -0.2040 
1959 0.6989 0.0966 -1.3075 2.1436 0.3518 
1960 0.1202 0.2596 0.5149 -2.1401 -0.1113 
1961 -0.6989 0.0009 0.4564 1.7319 0.0465 
1962 -0.3667 0.1365 0.2444 0.5128 0.1487 
1963 0.3255 0.1365 0.1316 - -0.0717 
1964 0.4804 -0.1948 -0.5011 - -0.1234 
1965 -0.1544 0.3844 1.9417 - 0.1207 
1966 -0.1114 0.2377 -0.3779 - 0.1006 
1967 0.2536 0.4675 0.9711 - 0.0075 
1968 0.3428 -0.0797 -0.3530 - -0.2007 
1969 0.6885 -0.1235 -0.0100 0.7874 0.0910 
1970 1.2771 0.0201 1.0796 1.1979 -0.0232 
1971 0.9888 0.3262 1.7358 - 0.2006 
1972 0.1198 0.6589 -0.3753 - 0.2324 
1973 1.3635 0.0475 -0.2225 - 0.1868 
1974 - - - - - 
1975 -0.5612 -0.0255 - - -0.1207 
%IS.3%'A1 cL,e. 	It:, 	v c 0. 	 ic,..., 
b 
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Table 9 
Estimates of heritability, from simulation studies 
Marginal sire effects Including covariate effects, singles and twins 
Year Trait 
1 2 3 4 5 
1953 -4.9329 1.5979 -0.5380 2.6197 -0.1028 
1954 1.0139 -0.3477 -0.3339 -1.5006 -0.3370 
1955 -2.7000 -0.3988 0.1445 1.1444 0.0585 
1956 -0.1652 0.0429 -0.0837 0.1389 -0.0519 
1957 0.1279 -0.1657 -0.1753 1.9323 0.1613 
1958 -0.2243 0.5119 0.9070 1.0223 -0.1906 
1959 -0.3758 0.5612 -1.2504 2.4403 0.6556 
1960 0.0401 0.1384 0.4371 -1.1859 -0.2271 
1961 -0.5946 0.0990 0.5626 1.7400 0.1600 
1962 -0.0736 0.0560 0.5142 1.1375 0.0601 
1963 0.0681 0.5553 0.0383 - 0.1453 
1964 0.6907 0.0072 -0.8213 - -0.1048 
1965 0.0878 0.0415 2.0637 - 0.1309 
1966 -0.3210 0.2074 -0.4368 - 0.0866 
1967 0.6451 0.5208 0.8154 - 0.0451 
1968 -0.2976 -0.1592 0.9995 - -0.2279 
1969 0.4345 0.2222 0.1106 0.8929 -0.0297 
1970 1.1635 -0.1071 1.3054 0.8375 -0.1295 
1971 0.5423 0.3790 3.2255 - 0.2536 
1972 3.9590 0.5891 0.8598 - 0.3269 
1973 0.8725 0.1699 -0.4275 - 0.2588 
1974 - - - - - 
1975 -0.9238 - - - -0.1503 
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Table 10 
Estimates of heritability, from simulation studies. 
Marginal sire effects ignoring covariate effects, twins. 
Year Trait 
1 2 3 4 5 
1953 - -1.9454 - - -0.3842 
1954 - -0.4593 -2.8314 - -0.4832 
1955 - -0.9281 -2.5417 -1.2976 -0.0490 
1956 - 0.7451 -1.3804 -2.1064 1.0350 
1957 - -0.1934 -3.1823 -0.2444 -0.3788 
1958 0.2825 -0.0934 0.6221 6.5157 -0.1855 
1959 4.9564 -0.6705 - -7.8172 -0.1358 
1960 -0.8090 -0.5767 - - -0.1605 
1961 - 0.6067 -1.0172 - 0.8072 
1962 - 0.8122 0.5729 - 0.9254 
1963 -0.7244 1.9069 0.2276 - 0.9825 
1964 - -0.1524 - - 0.2125 
1965 2.8512 0.2129 - - 0.2522 
1966 -3.0501 0.5794 -0.0258 - 0.3525 
1967 3.2959 0.2281 -0.3247 -1.3885 0.3555 
1968 - -0.0956 - - -0.0197 
1969 0.5190 0.3621 2.4067 7.5454 0.8390 
1970 6.4008 -0.0643 6.7741 5.4335 -0.0191 
1971 3.6706 0.7534 14.3472 - 0.8274 
1972 8.4016 2.4715 1.5408 - 0.7522 
1973 6.2203 0.4432 1.3434 - 0.6099 
1974 - -1.5069 -1.2288 - -2.0175 
1975 0.2403 -1.8380 -5.7380 - -0.2045 
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Table 11 
Estimates of heritability, from simulation studies. 
Marginal sire effects including covariate effects, twins. 
Year 	 Trait 
1 	2 	3 	4 	5 
1953 - - - - 1.9718 
1954 - - - - -0.9991 
1955 - -0.7460 -0.9976 2.2951 -0.1892 
1956 - 1.8987 -1.2049 - 1.2629 
1957 - -0.1331 -3.7256 0.9084 -0.0403 
1958 -2.2523 -0.7004 14.3093 - -0.3306 
1959 4.9722 0.4302 - -6.4769 0.5939 
1960 - -0.3439 - - -0.6053 
1961 - 0.6726 -1.0859 - 0.9340 
1962 - 0.5582 0.4728 - 0.4298 
1963 -0.3196 2.1012 3.5703 - 0.9166 
1964 - 0.4489 - - 0.5399 
1965 - -0.2014 -0.9876 - 0.1704 
1966 -0.4120 0.5229 -0.2193 - 0.3395 
1967 -0.2721 0.4681 -0.7664 - 0.6712 
1968 - 0.1525 11.5278 - 0.6789 
1969 1.5781 -0.1840 7.4947 6.7124 0.4592 
1970 -0.6421 -0.3983 6.8865 0.8184 -0.1633 
1971 0.3224 1.2708 29.8391 - 0.9428 
1972 31.5200 2.3402 1.2013 - 1.0356 
1973 - 0.2228 2.8703 - 0.8075 
1974 - -1.8734 -1.6553 - -2.4990 
1975 -2.5986 -1.7031 -4.9000 - -0.4388 
